Adhesively bonded repair of fibre reinforced composites: The effect of substrate moisture sorption characteristics. by Bond, David Anthony.
1293557
U N IV E R S IT Y  OF SURREY L IB R A R Y
ProQuest Number: All rights reserved
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a com plete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed, 
a note will indicate the deletion.
uest
ProQuest 10130240
Published by ProQuest LLO (2017). Copyright of the Dissertation is held by the Author.
All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode
Microform Edition © ProQuest LLO.
ProQuest LLO.
789 East Eisenhower Parkway 
P.Q. Box 1346 
Ann Arbor, Ml 4 81 06 - 1346
ADHESIVELY BONDED REPAIR OF 
FIBRE REINFORCED COMPOSITES
The effect of substrate moisture sorption
characteristics
David Anthony Bond
Submitted for the degree of Doctor of Philosophy
October 1996
I  would like to thank the many people who have 
helped with this research, especially:
the Sir Robert Menzies Memorial Foundation for their funding,
Commanding Officer No. 492 SQN RAAF for permission to take this sabbatical,
David Bray (D RA ) for his valued input to the research programme and supply o f materials, 
Brenda Parker and Ian Ashcroft (D RA ) for their technical advice,
Reg Whattingham for his help with the experimental testing, and 
all the friends I have made during my time in the UK who have made my visit so enjoyable.
Special thanks must go to my supervisors, Prof. Mike Bader and 
Dr. Paul Smith, not only for their comments and guidance, 
but also for their boundless good humour and friendship.
David Bond 
October 1996
Abstract
ABSTRACT
A  detailed review o f moisture sorption kinetics and equilibria within polymers and fibre 
reinforced composites (FRC ) provides an indication o f the mechanisms which may affect 
moisture transport in FRCs. Three reviewed models are investigated for their applicability 
to the sorption behaviour o f a FRC. The first considers only classical Fickian diffusive 
transport, while the other two include additional parameters to account for dual sorption 
phenomena or matrix relaxation respectively. An edge diffusion correction technique is 
developed to correct experimental 3D sorption data to equivalent ID data for ease o f 
modelling. The sorption data used to assess the suitability o f the models is used also to 
examine the effects o f lay-up, environmental conditions, multiple sorption cycling and long 
term exposure on the sorption behaviour o f the a FRC. Each model is numerically assessed 
for its ability to represent the experimental sorption data. The more complex models provide 
good representation o f the slightly anomalous FRC absorption data while the Fickian model 
is acceptable for desorption.
The effect o f absorbed moisture 011 the mechanical performance o f the FRC is assessed and 
found to be especially detrimental to the matrix dominated properties. The glass transition 
temperature o f  the FRC is also found to be reduced by absorbed moisture. The effects o f 
post-join (atmospheric) and pre-join (substrate) moisture on the durability and strength o f 
bonded joints with FRC substrates are assessed using a scarf joint. One months exposure to 
high environmental humidites after bonding is found to reduce the strength o f the joints 
significantly. A  similar loss in performance is also observed i f  the FRC has a high substrate 
pre-join moisture content. Pre-drying o f moist substrates is found to be beneficial in 
regaining the performance o f the joint. Joint strength is found to be directly related to the 
quantity o f moisture desorbed from the substrates during joint/adhesive cure. A  model for 
the drying process is subsequently developed and found capable o f estimating the ideal drying 
conditions for a given substrate moisture content.
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1 REPAIR OF FIBRE REINFORCED COMPOSITE
STRUCTURES
1.1 INTRODUCTION
Part sponsors o f this research are the Defence Research Agency (D R A ) acting on behalf o f 
the Royal A ir Force (RAF), who are concerned with the effect o f atmospheric moisture on 
the repair o f fibre reinforced composite (FRC) aircraft components. Repair o f such structures, 
or manufacture o f new components from such material, becomes more important as the use 
o f composite materials in aerospace applications increases. The enhanced specific strength 
and stiffness properties o f composites combined with their resistance to corrosion and fatigue 
are amongst the driving forces behind their increased usage. The application o f such 
technology in the aircraft industry has been reported by numerous authors [1, 2, 3]. In 
common with most advances in the aviation industry the application o f composite materials 
was first proposed for military applications. As the behaviour and performance o f these 
materials became more widely understood and, in many cases, predictable, the civil industry 
began to manufacture components from such materials. Initially the applications were in 
secondary and tertiary structures, replacing thin metallic components such as control surface 
skins, flooring and fairings. However, the increase in the usage o f composite materials 
continues as aircraft manufacturers search for gains in performance and payload through a 
reduction o f the aircraft's zero fuel weight and many new aircraft have significant primary and 
secondary structures created from composite materials [4, 5, 6, 7, 8] as shown in Figure 1 and 
Figure 2.
Although current research suggests that exotic new composite materials such as those with 
metal and ceramic matrices will soon be available to aircraft designers, the majority o f aircraft 
currently in operation employ either metallic or fibre reinforced thennoset resin structures. 
As a consequence these are the two materials most likely to require repair in the near future 
and from which the greatest benefits may be obtained by developing new and improved repair 
techniques. With the cost o f developing a new aircraft (£4 billion for the Boeing 777 and £10 
billion for the Eurofighter 2000 [9]) increasing, the economic benefits o f being able to return 
existing aircraft to a serviceable condition will soon outweigh any research costs associated
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with developing new repair techniques. Add to this the military benefits o f  being able to 
repair the results o f  a battlefield incident rapidly and the importance o f  developing effective 
and efficient repair techniques for aircraft becomes apparent [10, 11].
Figure 1 Composite usage in Airbus A320 [ I ]
Hjfcrid composite 
Carbon composite
Rudder
Improved atumtnwm aloy
Kevlar components:
• ECS duct
•  Outboard stowage bins Sc 
centre supports
•  Misc. parts in emergency 
escape systems, lavatories, 
closets Sc partitions
• Nose landing gear doors Main landing qear
(glassfrbre/carbon composite) doors (body)
Figure 2 Composite usage in Boeing 767 [ I ]
When the fore-runners o f  today's metallic aircraft were initially constructed (circa 1920's), the 
current technology for repair o f  such structures was limited to mechanically fastened patches. 
Not until the use o f  sandwich panels on aircraft such as the General Dynamics F- 111 was the
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concept o f adhesively bonding repair patches actively employed, and only then due to the 
unsuitability o f mechanical repairs for these structures [12]. Even with the acceptance o f such 
repair schemes, adhesively bonded repairs were seldom used for the repair o f metallic 
structures for several reasons: firstly they were new and did not have a proven track record 
like mechanically fastened repairs and secondly, significant failures in experimental 
applications left the industry with serious doubts about the integrity and durability o f such 
repairs.
The early 1970's saw significant development in the application o f adhesively bonded repairs 
for metallic structures by the Australian Aeronautical Research Laboratories (A R L ) [12, 13, 
14]. The repair techniques proposed by A R L  demonstrated distinct advantages over the 
mechanically fastened methods proposed by the leading aircraft manufacturers o f the time. 
The benefits included the elimination o f additional fatigue crack initiation sites by removing 
the requirement for fastener holes, improved fatigue and corrosion performance, reduced 
aircraft down time, significant improvements on fatigue crack retardation and through patch 
non-destructive inspection when boron fibre patches were employed [11],
While the benefits o f adhesively bonded repairs to metallic structures were just being realised, 
the 1970's also saw the manufacture o f significant primary structures from composite 
materials. Typically the structures were comprised o f epoxy, polyimide or bismaleimide 
resins reinforced with glass, carbon (graphite), boron or aramid fibres, the combination 
depending on the particular load and environmental requirements. Regardless o f the 
combination, the composites act in a similar manner to produce structures o f high specific 
strength and stiffness. The fibres provide the strength and stiffness while the resin acts as a 
load transferring medium and supplies a modicum o f damage tolerance. Factors other than 
mechanical properties also play a part in the selection o f composites, the most critical being 
that o f cost. Boron fibres, while possessing good compressive properties, are expensive and 
seldom used except in applications requiring their special properties - while glass is relatively 
cheap and yet is also seldom used in aircraft for its lack o f structural performance. 
Commonly a compromise between structural performance and cost results in aircraft 
components being made from carbon fibre reinforced resins. Figure 3 shows a typical 
comparison between common aircraft metals and composites [15].
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Figure 3 Comparison o f  composite ami metal specific structural properties, after [21 /
The outstanding benefits o f composite materials comes from the ability to tailor the properties 
o f the material to those required by the application. The material being non-homogeneous 
and essentially anisotropic allows designers to utilise a material with differing directional 
stiffnesses and strengths. The strength o f a composite is much dependent upon the direction 
o f the fibres within the resin. Typically FRCs perform poorly in the direction perpendicular 
to the fibre axis, especially in through thickness directions for sheet composites. The 
application o f mechanically fastened repair techniques to such structures results in numerous 
difficulties such as localised resin crushing around fastener holes, non-uniform fastener 
loading and the requirement o f specific torque or tension loading on the fasteners to avoid 
creation o f internal delaminations within the composite. These difficulties and the 
acknowledgement that careful repair design can return a structure to its original material 
ultimate strength means that adhesively bonded repairs are becoming increasingly favoured 
for the repair o f FRC structures. However, the repair o f thick composite structures may still 
require mechanical fasteners in conjunction with adhesively bonded patches to avoid the lack 
o f interlaminar shear strength often exhibited in purely bonded repair schemes although work 
at AR L on impact damaged F/A 18 horizontal stabilators suggests that bonded patches alone 
maybe sufficient for thick composite structures [16].
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1.2 FABRICATION OF COM POSITE  A IRCRAFT CO M PO N E N TS
The FRCs utilised in aviation applications for major structural applications such as primary 
and secondary aircraft structures are commonly constructed from fibres pre-impregnated with 
uncured resin and laid out into thin sheets with the fibres all orientated in the same direction 
(pre-preg). These layers known individually as laminae, are then stacked together with each 
lamina having a specific fibre orientation relative to the overall structure in order to obtain 
the directional stiffnesses and strengths required bv the design. Once the pre-preg laminae 
are consolidated in the appropriate manner the component is placed in an environment to 
promote the cure o f the impregnated resin.
Commonly three processes are utilised to consolidate and cure the pre-preg lay-up. These 
range from the cheap vacuum bag and heater blanket technique, to mechanical platen heating, 
to the more expensive (for single applications) autoclaving. Usually aircraft components are 
constructed using the autoclave technique which becomes far more cost-efficient when large 
numbers o f components are required and produces laminates and joint with higher structural 
properties than the vacuum bag method as shown in Figure 4 [17, 18].
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Figure 4 Lap Shear Strengths o f  Autoclave and Vacuum Bag cured joints, after [2 1 ]
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1.3 DAMAGE WITHIN COMPOSITE AIRCRAFT STRUCTURE REQUIRING
REPAIR
1.3.1 FORMS AND SIGNIFICANCE OF DAMAGE
An aspect o f aircraft operation that is common to both metallic and composite components 
is that they are likely to become damaged through either peacetime accidents or battlefield 
incidents. Peacetime accidents may range from manufacturing errors to accidental damage 
from in-service usage. Whatever the cause, the damage must be assessed and the necessity 
o f repair decided upon. Damage to metallic components and the resulting loss o f strength and 
stiffness and likelihood o f further damage growth are well understood and predicted by 
fracture mechanics. This provides a sound basis for the determination o f the need for repair 
to a particular component. Should the damage not be o f sufficient size to warrant repair then 
it may be monitored through numerous inspection techniques at reasonably low cost, yet high 
reliability, until the component requires repair. This prevents unnecessary downtime while 
still maintaining a safe-life attitude [19].
The fracture mechanics o f composite materials is not quite as well understood as that for 
metallic components and repairs to damaged composite structures often rely upon empirical 
results or simplified analysis o f the component. Only recently have advances been made in 
the fracture mechanics o f composites that in the future could allow a safe-life ideology similar 
to that o f metallic components to be applied to such materials [20], A  defect in a composite 
component represents two dangers, as for metallic components. It may reduce the stiffness 
or strength o f the component to below that acceptable for use or it may provide the initiation 
point for further damage to occur eventually leading to damage o f sufficient quantity to meet 
the concerns o f the first point [21].
Table I and Table II list the types o f damage commonly found in composite structures, their 
symptoms, effects and an assessment o f their significance. Significant amongst all o f these 
forms o f damage are those that create delaminations within the composite with little or no 
surface indication o f the internal damage. This form o f damage is commonly known as 
barely visible impact damage (B V ID ) and commonly occurs on the upper surface o f  the 
aircraft structure.
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Table I  Typical composite production damage and significance, after [21 ]
D efect Sym ptom E ffect S ign ificance
Under-cure soft, tacky surface poor load transfer HIGH
Over-healing charred, crazed resin resin breakdown and poor load 
transfer
H IGH
Uneven-heating areas o f  under cure and charring thermal stresses and damaged resin Moderate
Under-pressurisation high vo id  content and low  fibre 
volum e fraction
reduced strength Moderate
Over-prcssuiisation dry appearance and high fibre volume 
fraction
low  shear strength Moderate
Incorrect Lay-up laminate distortion poor strength and coupling effects Moderate
Foreign Particle 
Contamination
lumps, surface distortion delaminations HIGH
Incorrect drilling o f  
holes
Back face p ly dclaminations and 
burred hole edges
poor bearing on fasteners and 
possible dclamination growth
HIGH
Holes in wrong location tight fitting or misaligned fasteners poor bearing on fasteners Moderate
Over-lightening o f  
fasteners
localise resin crushing or pulled 
through fasteners
dclaminations Moderate
Impact damage edge crushing, scratches or dents delaminations (w ith  no visible 
evidence)
Moderate to 
HIGH
Poor shimming distortion o f  panel dclaminations low  to 
Moderate
Poor fitting o f  fasteners localised resin crushing poor bearing on fasteners Moderate
The energy levels required to form BVID  are relatively low [22, 23] and are typical o f 
common maintenance accidents such as dropped tools or heavy footsteps. The fact that this 
damage occurs on the upper surfaces is critical as it is these surfaces on an aircraft that suffer 
from significant compressive loading. This form o f loading combined with the aerodynamic 
buffeting all aircraft are subjected to results in compressive fatigue loading which may either 
increase the damage area or the extent o f damage within the original area [24]. Experimental 
investigation has shown that delaminations resulting from low energy impact can result in the 
loss o f up to 35% o f compressive residual strength o f a component and 15% o f the tensile 
strength [22, 23, 25].
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Table I I  Typical composite in-service damage and significance, after [21J
D efect Syni ptoin E ffect •Significance
Dropped panels edge crushing aerodynamics w ill strip plies H IG H
High energy impacts panel penetration size and location dependant, behaves 
similar to drilled holes
Moderate to 
H IG H
Intermediate energy 
impacts
dents, back face fracture and severe 
obvious delaminations
loss o f  strength and stiffness Moderate
L o w  energy impacts lion-obvious delaminations usually occurs on compressive 
surfaces and acts as sites for further 
damage
Moderate to
h i g i i
Moisture absorption none reduced high temperature properties low
U V  radiation exposure degraded resin strips outer resin from surface Moderate to 
H IGH
Lightning strike charring and severe loss o f  resin on 
outer layers
localised resin breakdown and loss o f  
load transfer
IIIG I1
Dents indentations and noil-obvious 
dclaminations
delaminations act as source o f  further 
damage
Moderate
Tears fibre fracture and delaminations severe loss o f  strength and stiffness H IG H
Scratches loss o f  surface barrier and cut surface 
plies
small loss o f  strength and stiffness low
1.3.2 DAMAGE TOLERANT COMPOSITE MATERIALS
There are a number o f ways in which production parameters may be adjusted to produce FRC
with improved damage tolerance and resistance to delamination formation:
(a) use o f high strain to failure fibres (such as glass or arainid) improves the impact 
resistance o f FRCs,
(b) increasing the number o f lamina orientation changes within the FRC laminate 
increases the impact resistance,
(c ) a reduction in bond strength between carbon fibres and the polymeric resin matrix 
increases the impact strength o f FRCs, and
(d) a resin plasticiser improves the impact resistance by requiring more work to create 
a unit failure surface area than for non-plasticised resin.
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While any o f these parameters may be adjusted to reduce the amount o f damage caused by 
a specific impact energy or the amount o f damage propagation due to fatigue loading, the 
problem remains that damage will be created by an impact and it may propagate given 
appropriate loading conditions. Consequently, it is essential that damage within a composite 
structure is detectable at sub-critical dimensions.
1.3.3 DETECTION OF DAMAGE IN COMPOSITE AIRCRAFT STRUCTURES
The development o f Non-Destructive Testing/Inspection (NDT/NDI) o f  composite materials 
originates from the methods developed for investigation o f metallic components. However, 
with composites being heterogeneous, having poor electrical conductivity, low thermal 
conductivity, high acoustic attenuation and significant anisotropy o f the mechanical and 
physical properties [26], only a few  o f the methods used on metals are directly applicable to 
FRCs. O f the six commonly used metallic methods; visual/optical, liquid penetrant, magnetic 
particle, eddy current, ultrasonic and radiographic inspection, only visual/optical, ultrasonic 
and radiographic are regularly used in the composite industry while the remaining techniques 
may be employed for very specific tasks.
Eddy current techniques were originally limited to applications in composites containing 
highly conductive reinforcement such as boron fibres [27] however, recent developments 
suggest that this technique may find future applications in the detection o f near-surface BVID  
for carbon FRCs [28]. Dye penetrants can be used to detect surface breaks in FRCs but 
difficulties in removing the penetrant from the defects can lead to complication when the 
component undergoes repair [29].
Other methods for monitoring or detecting damage have been developed with consideration 
for composites including techniques such as acoustic emission monitoring, shearography and 
thermography [30, 31]. One o f the more interesting includes a system based upon optical 
fibres embedded within the structure. The FRC integrity is checked via an optical signal sent 
down the fibre, a sound fibre passes the signal unhindered and represents an undamaged 
component whereas a damaged fibre would distort the signal and indicate damage within the 
structure. A  system designed at specifically combating the problem o f BVID  is the concept 
o f bruisable paint which alters colour after even low energy impact [32]. The extent o f colour
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change is an indication o f the impact energy level. In conjunction with visual inspection this 
would locate possible damage sites rapidly and allow early detection o f internal delaminations.
Numerous authors [26, 29, 33, 34, 35, 36] provide extensive discussion on the majority o f 
methods used, or which have had their use investigated, for NDI o f FRCs. No attempt shall 
be made to repeat such a thorough investigation rather, the reader is encouraged to utilise the 
references for further information on the techniques.
1.4 REPAIR DESIGN
1.4.1 GENERAL CONSIDERATIONS
The aim o f any repair must be to restore the structural capability o f the damaged component. 
Any repair to a composite structure must be designed with regard to the effect that the repair 
and its associated application processes will have on the performance o f the structure. 
Repairs are not developed on a sole criterion such as design strength or stiffness rather, as 
a compromise between numerous parameters. Foremost amongst these parameters are 
considerations such as:
(a) Static strength: where practical the repair should aim to restore material ultimate' 
strength (or strain) or at minimum, design ultimate strength (or strain).
(b) Stiffness: many aircraft components constructed from FRCs are stiffness critical and 
a repair should satisfy design deflection and stability requirements.
(c ) Durability: the repair must be able to remain efficient for a prolonged period in 
normal operational environments.
(d) Weight and balance: aircraft secondary structures such as flaps and control surfaces 
are very weight and balance critical thus any repair should ensure that these 
structures remain within operating limits.
(e ) Aerodynamic compatibility: although aircraft surfaces need not be perfectly smooth, 
consideration must be given to the amount o f airflow disturbance that is permitted 
in the region under repair.
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Other factors such as the effect a repair may have on aircraft scheduling, the cost or the 
ability to inspect the repair reinforce the point that no finite list o f criteria can be constructed 
for repair design. The design engineer must consider all relevant concerns and account for 
them in the design. Depending on the type o f damage present in the structure, the repair 
approach can be broadly divided into non-patch and patch repairs. The various repair 
procedures and their application are summarised in Table III.
Table I I I  Summary o f  repair procedures, after /37j
T y p e  o f  R ep a ir Procedu re A pp lica tion
Resin injection - Connected voids
- Small dclaminations
- Small dcbonds
Non-patch repairs for 
minor damage
Potting o r tilling - M inor Depressions
- Skin Damage in honeycomb panels
- Core replacement in honeycomb panels
- Fastener hole elongation
Heat treatment - Rem ove entrapped moisture in 
honeycomb panels
- Dry out absorbed moisture
Surface coating - Seal honeycomb panels
- Restore surface protection
External composite repair patch - Repair to skins up to 16 plies thick or 
honeycomb panels
- W e ll suited for field repair
Patch repairs fo r major 
damage
External metallic repair patch - Repair to skins front 16 to 100 plies thick 
and fo r holes up to 100mm in diameter
- D ifficu lt in fie ld  conditions
Scarf patch - Repair to monolithic skins 50-100 plies 
thick and for holes up to 100mm in 
diameter
- W e il suited fo r fie ld  repair
Non-patch repairs tend to be more cosmetic than structural [37] and hence the more 
structurally sound technique o f applying a repair patch to a damaged area is most often used 
for repair work 011 structural components. The generic patch repairs are shown in Figure 5:
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Unsupported single overlap Double strap or double overlap
Unsupported single overlap
Lr—U
Supported single overlap 
Scarf
Double strap or double overlap
Stepped lap
Double scarf
Figure 5 Differing repair patch joint types
Again it is possible to subdivide the patch techniques into two distinct groups; mechanically 
lastened or adhesively bonded. The choice between these two groups depends upon 
parameters such as; accessibility, structure thickness, damage size, local area loading etc. The 
advantages and disadvantages o f the two approaches are commonly listed as shown in 
Table IV and Table V [38].
Table IV  Properties o f  mechanically fastened repairs
Advan tages Disadvantages
- O n ly minimal surface 
preparation required
- Disassembly o f  jo in t possible 
without component damage
- Fastener holes represent 
additional stress concentrations
- Can be bulky and heavy
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Table V Properties o f  adhesively bonded repairs
A dvan tages D isadvantages
- M inim ises stress - H eavily  dependent upon
concentrations correct surface preparation
- Restores malcriul ultimate - Can be subject to
strength environmental degradation
- A llo w s  through patch N D I o f - Disassembly o f  joint difficu lt
substructure ( fo r  composite without damage to
patches) components
- M inimal size and weight - Integrity difficult to ascertain
penalty by inspection
1.4.2 MECHANICALLY FASTENED REPAIRS OF FRCs
Mechanical fastening o f repair patches is commonly employed on composite structures in 
applications where the shear stresses present in the repair exceed those available from the 
adhesive and where a scarf joint cannot be applied. They may also be used as interim repairs 
to damaged structures for in-the-field military applications where access to facilities for 
adhesive bonded repairs is limited or where substrate moisture cannot be removed prior to the 
bonding process (see section 1.5.2). The AV-8B Harrier is a prime example o f the former 
situation on which the wing skin is manufactured from quasi-isotropic carbon-epoxy 
composite to permit the use o f bolted repair in battlefield conditions [39],
A  mechanically fastened external repair patch may be considered as two mechanically 
fastened joints (one either end o f the patch) typically o f single or double overlap configuration 
(although step lap joints have been used but primarily only as original structure in conjunction 
with adhesive bonding [20, 39]). The fasteners used are generally rivets or bolts due to their 
reduced likelihood o f pull-out compared to other fasteners such as pins and screws.
The lay-up o f the substrate and the patch also affect the performance o f a mechanically 
fastened repair. It is reasonable to presume that unidirectional adherends mechanically 
fastened together and loaded in the direction o f the fibres would fail by shear-out along shear 
planes. I f  the loading was perpendicular to the fibre direction however, the likely failure mode 
would be tensile through the net section. The more realistic adherends with varied laminae
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orientations perform in far more complex manners. Reference [40] provides a detailed 
discussion o f the effect o f lay-up, stacking sequence and geometry.
When designing a mechanical repair the layout o f the fasteners is a critical factor. Reference 
[39] presents data on the structural efficiency (failure load o f joint/failure load o f adherend) 
o f various mechanically fastened joint configurations. This data shows that it is difficult to 
obtain significant improvements over a single line o f fasteners (approximately 40% efficient 
in a tensile test situation) without using complex joint configurations o f numerous fastener 
rows, tapered adherends and various size fasteners. With a primary argument for the use o f 
mechanically fastened repairs being their simplicity this 40% efficiency rating becomes 
critical when compared to adhesively bonded repairs as a higher efficiency may be gained 
from the latter although, at the expense o f application and design time.
1.4.3 ADHESIVELY BONDED REPAIRS OF FRCs
1.4.3.1 LAP  JOINTS/REPAIRS
Unloaded joint
£
Loaded joint
£
Figure 6 Longitudinal displacement o f  a single tap joint, after [40 ]
The key design parameters o f double strap and supported single lap joints were first described 
by a simple form o f stress analysis conducted by Volkersen [41]. This analysis, known as 
shear-lag theory, considers direct stresses on the adherends and shear stress in the adhesive 
and assumes that they vary only along the length o f the joint. This then leads to the 
anomalous prediction o f the adhesive shear stress being a maximum at the ends o f the joint. 
While this may seem supported by the differential straining o f the adherends and adhesive as 
shown in Figure 6 for a single lap joint restrained against rotation, predicting that the shear
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stress at the end o f the adhesive is non-zero violates the requirement for a stress-free 
boundary.
Goland and Reissner [42] improved upon this basic model by considering the through 
thickness stresses developed from the load path eccentricity in unsupported single lap joints.
Loads initially offset
Loads align tlirough deformation of joint
High peel stresses 
created in this region
Figure 7 Deformation o f  a single lap jo in t under load, after /40J
Figure 7 shows that under loading the adherends bend and joint rotation occurs in an attempt 
to eliminate the eccentricity. Both o f these effects cause the development o f additional 
stresses within the adhesive, in particular high through-thickness (known as peel) stresses. 
The error in the simplified shear-lag model o f predicting the maximum shear stress at the 
ends o f the adhesive joint is simply a result o f  not considering these through-thickness 
stresses (present in the adhesive even in supported joint configurations). Once these stresses 
are considered in more rigorous models [43] the predicted shear stress maximum moves 
approximately one adhesive layer thickness into the joint. The predictions o f such models 
have been supported by experimental results [44].
Analysis and design o f in-service adhesively bonded repairs may be treated as a series o f 
bonded joints and the simple shear lag theory with the addition o f through-thickness stresses 
is generally deemed o f sufficient accuracy. Additional stresses present in the joint are either 
negligible or made so by the presence o f adhesive Bashing at the end o f the joint [40], The 
through-thickness or peel stresses are extremely important and are often the cause o f failure 
o f poorly designed bonded joints/repairs.
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Using shear-lag theory as the basis for design o f adhesively bonded joints suggests that 
adhesive shear and peel strength (or some combination thereof) are the two critical 
parameters. This is not necessarily the case and there are numerous aspects which contribute 
to an overall joint strength. For example, the peel or interlaminar strength and toughness o f 
FRCs is generally much lower than that o f the adhesive and failure can occur in the FRC 
substrates at loads well below adhesive failure. FRC adhesively bonded joints display several 
failure modes due to their anisotropic nature. Figure 8 shows that adherends may fail in 
tensile, interlaminar or transverse manners, the adhesive may fail cohesively or interfacial 
failure may occur between the adhesive and the adherends. The latter o f these two non- 
adherend modes is less to do with material selection and joint design than joint surface 
preparation.
Adhesive and adherend thicknesses also influence the ability o f a joint to carry a given load. 
Adhesive layers, while theoretically predicted to perform better the thicker they are, fail to 
do so due to the inability to limit the quantity o f internal flaws [40, 45], Consequently, 
adhesive layers generally fall in a 0.1 to 0.25mm thickness range. As the adhesive thickness 
is limited to this range through manufacturing requirements, the adherend thickness becomes 
an important parameter in the strength and failure mode o f adhesively bonded joints. Should 
the joint fail in the adherends in a loading case devoid o f any bending, the strength it is 
capable o f developing is directly proportional to the thickness o f the adherend. However, 
the shear strength and peel strengths o f a composite joint are proportional to the square root 
and fourth root o f the laminate thickness respectively and generally become the limiting 
failure modes the thicker the adherends as shown in Figure 9.
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Figure 9 Joint strength as a function o f  adherend thickness, after /2I /
Relative uses of different bonded joint types
Figure 10 Hart-Smith Diagram, after I46J
Hart-Smith [46] has produced an excellent diagram to illustrate the effect o f adherend 
thickness on these two parameters which is reproduced in Figure 10. The weaker joints are 
typified by peel or interlaminar failure modes. The mid-strength joints fail by adhesive shear 
and the high strength joints develop strengths approaching the adherend strength. Whereas
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the strength o f a single lap joint is limited by its eccentricity, the strength o f a properly 
designed double overlap joint (or supported single overlap joint) is, as indicated by the 
previous figure, related to the shear strength o f the adhesive. The value o f this shear strength 
may be thought o f as being proportional to the area under the shear stress versus shear strain 
curve o f the adhesive. This means that a ductile adhesive will provide a joint o f higher 
strength than that a brittle one. Ductile adhesives are often modelled as perfectly elastic- 
plastic [46] (see Figure 11) in shear. While such a model does not give an accurate 
prediction o f the internal stresses within the adhesive it does predict the ultimate strength o f 
the joint accurately.
Figure 11 Elastic-plastic adhesive model
The load distribution through the adhesive in a large overlap joint is not uniform, there exists 
a region in which the adhesive is only elastically loaded even when the joint is subjected to 
the design ultimate load, i.e. an elastic trough. A joint with a short overlap does not exhibit 
this trough and tends to fail under static conditions due to creep rupture. This elastic region 
provides additional durability to the joint, i.e. an ability to withstand near critical loads and 
provides a safety region to account for defects in the interfacial bonding between the adhesive 
and the adherends. Again, Hart-Smith [46] provides extensive details on the design o f such 
joints including mathematical reasoning for a prescribed minimum overlap length. This 
approach has been adopted by the Royal Australian Air Force (R A A F ) as a design standard 
for bonded repair work.
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Stepped-lap joints suffer from high sensitivity to stiffness or thermal expansion coefficient 
imbalance between the adherends and can be difficult to manufacture especially for use as a 
repair joint. Even so, they have found applications in modern military aircraft in areas such 
as the wing roots o f the F/A-18 Hornet. In simplified terms these joints are a collection o f 
overlap joints while more detailed analysis is again provided by Hart-Smith [46].
1.4.3.2 SCARF JOINTS/REPAIRS
Provided a scarf joint is manufactured with perfect knife edges from adherends o f identical 
stiffness and thermal expansion coefficients it may be assumed that the shear stress 
throughout the adhesive layer is constant. Most often though, the former o f these points 
cannot be achieved in practical repair or manufacture applications and the joint is constructed 
with a finite knife edge thickness. This degrades the performance o f the joint by introducing 
a stress concentration in the region o f the scarf tip. The advantages o f scarf repairs are their 
ability to join thicker adherends than overlap joints, their flush finish and minimal load 
eccentricity. Their disadvantages include the significant amount o f undamaged material which 
must be removed from the damaged component and the difficulties associated with their 
application.
To illustrate the acuteness o f the scarf angles required for joints consider a scarf joint 
manufactured from Ciba Composites Fibredux© 924 adherends and Redux 312/5 adhesive. 
The following simple stress analysis predicts the required scarf angle:
* = 5 ° , *  sin 20
-  6 = -S i,r '
2
where a ult is the ultimate tensile strength o f the adherend (801 MPa for a quasi isotropic 
lay-up), t the maximum adhesive shear stress (43.4 MPa) and 9 is the maximum scarf angle 
that will give adhesive shear failure. Equation (1) predicts a scarf angle o f 3.11° which 
emphasises the concern regarding the amount o f material that is removed when implementing 
such a repair. With a scarf angle o f 3° and an adherend thickness o f 10mm the length o f the 
scarf itself is 190mm o f which, in a repair, there will be one either side o f the damaged area, 
requiring a repair length o f 380mm plus the size o f the damage.
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Other detrimental or restrictive aspects o f scarf joints include their lack o f elastic trough in 
the adhesive which results in reduced resistance to creep deformation and safety margins over 
interfacial non-bonding. These concerns may require that the angle o f a scarf joint be less 
than that predicted by the simplified approach to provide some durability. When choosing 
the lay-up and orientation o f a scarf patch the design should be similar to that o f the parent 
material as two o f the more significant factors being deleterious to the performance o f a scarf 
joint are stiffness imbalance and thermal mismatch between adherends [15, 37, 46].
Table V I Relative strength o f  scarf joints in hot-wet conditions [1 5 ]
Configuration ! Name Strength
......... _ Baseline 100%1- ..
________________ i i
Stepped Lap 87 %
I :; !
| Pre-cured Patch 82%
1 ! i
No Inside Doubler ! 78% j
-------------------------------- ------------------ j
Steeper Scarf «  1/Slope j
}X _______
Studies o f  scarf joints have shown that for adherends with 0° outer plies the peel stresses 
developed on these plies from the inability to obtain perfect feather edges often result in peel 
failure o f the adherends. Recommendations to overcome this problem include using serrated 
scarf tips and/or a secondary overlap patch as shown in Table VI. The use o f the external 
patch the more common approach and is used as the baseline o f Table V I which shows seven 
variations in the design o f scarf repairs/joints and their relative strengths (under hot-wet 
conditions). Despite all the detrimental aspects o f scarf joints they are often outweighed by 
the advantages such a joint provides. Certainly in the case o f joint analysis, the benefit o f 
being able to assume that the shear load within the adhesive is reasonably constant can be o f 
great benefit in comparisons between differing joint preparation or manufacture techniques.
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1.4.4 REPAIR MATERIALS
1.4.4.1 PATCH
O f the two material choices the repair designer must make, the patch material is often the 
easier o f them. This comes from the desirability o f maintaining material compatibility and
suggests the use o f identical material in the patch as used in the damaged structure; a
requirement mentioned previously in section 1.4.3.2 for scarf joints. The instances when this 
may not be applicable are when the design being employed is an external patch which needs 
to be quite thin to avoid other parts o f the structure or to reduce the aerodynamic disturbance 
it would cause. In such cases patches o f higher modulus than the substrate may be used. 
While it is possible to use repair patches constructed from fibre/resin combinations other than 
that o f  the base material, care must be taken to ensure that the two materials are compatible 
and that the adhesive chosen to bond them together is equally effective.
The greatest choice available to the designer regarding patch design is the material form the 
patch shall be manufacture from. Forms include [47]:
(a) pre-preg o f similar ply configuration to the parent laminate,
(b ) pre-preg with a quasi-isotropic lay-up, or
(c ) wet laid-up woven cloth.
In general this list proceeds from the thinnest possible repair patch to the thickest, i.e. the 
further away from the substructure ply configuration that the patch is, the thicker the repair 
required for the component.
1.4.4.2 ADHESIVE
The choice o f the adhesive is remarkably free to the designers intuition/discretion. The 
factors that affect the choice are obviously the mechanical performance o f the adhesive and 
its compatibility with the adherends and its availability. Less obvious parameters include the 
cure temperature, its resistance to environmental attack (particularly moisture and fuel) and 
the conditions under which the adhesive must be cured to obtain a successful bond. One o f
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the suggested benefits o f adhesively bonded repairs is the ability to perform them in-situ 
which may immediately restrict cure pressures and temperatures available for the adhesive. 
Often the presence o f surrounding structure w ill limit the cure temperatures o f the adhesive 
and this may be particularly critical for repair o f high temperature composites such as 
carbon/bismaleimide or carbon/polyimide.
For today’s aircraft however, the adhesives most often employed are precatalysed modified 
epoxies, occasionally with a form o f rubber toughening agent added [48], The addition o f 
5-15% acrylonitrile-butadiene rubber to epoxy adhesives results in significant increases in 
toughening through a phase separation o f a rubbery phase within the adhesive matrix. This 
separation enhances the tensile lap shear, impact and peel strengths o f the adhesive. 
Traditional adhesives such as FM73 or AF-163 are epoxy nitriles which cure at around 120°C 
and are acceptable for use up to around 85°C while toughened epoxy phenolics such as 
FM300 cure at around 180°C for use at around 110°C. A R L  have conducted extensive work 
on low temperature cure o f adhesives and have developed cure cycles for adhesives at well 
below manufacturer recommended levels. This has allowed the R AA F  to adopt reduced 
temperature cure cycles and has allowed in-situ repair to components which would otherwise 
have had to be removed from heat-sink structure to provide cure temperatures as 
recommended by the adhesive manufacturers. A  distinct problem for FRC adhesively bonded 
repair, especially for 'in-the-field' repair, is the necessity for freezer storage o f both un-cured 
composite and precatalysed film adhesive (the most common form o f adhesive used for repair 
purposes). An approach being investigated to overcome this problem for adhesives is a two 
part epoxy-paste with indefinite storage life.
1.4.5 FABRICATION OF AN ADHESIVELY BONDED REPAIR
1.4.5.1 SURFACE PREPARATIO N
Polymeric materials have surface energies which are similar to the surface tensions o f 
common adhesives and consequently some surface preparation is necessary. Unlike the exotic 
surface preparation often specified for metallic substrates, FRCs generally only require the 
exposure o f a clean chemically active surface prior to bonding. This surface is often achieved 
in as few as two steps:
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(a) a solvent degrease (perhaps verified by a water break test) and
(b) exposure o f the active surface by hand or grit abrasion.
Hand abrasion is the most commonly utilised surface exposure technique however, it has been 
shown to be less effective than grit blasting as any contaminants present on the bonding
surface are spread over a greater area. Removal o f the sanding debris from the surface is also
difficult. Dry wiping with tissue cloth removes some debris but leaves a significant amount 
in the grooves and scratches produced by the abrasion o f the surface, while solvent wiping 
although picking up more o f the grit, tends to spread any remaining surface contaminants 
over the bonding surface[12].
1.4.5.2 PATCH CONSTRUCTION AN D  APPLIC ATIO N
The requirements o f repair design are not the same as component construction. Typically 
there are fewer items and the damage to be repaired may be located on a component that is 
difficult to remove from the overall structure (such as a wing plank on an aircraft). In such 
cases either a mechanical pressure or vacuum bag technique is employed as they allows in- 
situ repairs although at lower consolidation pressures.
The method o f patch fabrication and its subsequent (or concurrent) application to the damage 
site depend on numerous parameters. The patch may be :
(a) formed and cured over a replica o f the surface and then bonded to the damage site,
(b) formed over the damaged area and then bonded to the structure using co-cured film 
adhesive, or
(c ) wet lay-up using fibre cloth (for patch strength) and resin (to form the patch and act 
as adhesive).
O f these methods the first generally produces the highest performance patch while the third 
which is really only acceptable for lightly loaded structures but is often favoured (especially 
for battlefield repair) because o f its ease o f  application. Pre-preg patches must be cured at 
elevated temperatures necessitating the use o f a heater blanket and some form o f pressure to 
aid consolidation (usually from a vacuum bag). A  wet lay-up may cure at room temperature
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but also requires pressure to assist the patch consolidation. Figure 12 shows a typical vacuum 
bag layout.
Bleeder cloth 
Pressure plate 
Repair 
Edge dam
Damaged 
structure
Vacuum line 
Figure 12 Vacuum Bag layout
1.5 FACTORS AFFECTING THE PERFORM ANCE  OF ADHESIVELY
BONDED REPAIRS
1.5.1 SURFACE PREPARATION AND  APPL ICATION  TECHNOLOGY
Should the surface preparation o f either the patch (for pre-cured) or the damaged substrate 
be insufficient to remove all surface contaminants then the strength o f the adhesive bond may 
suffer. For this reason grit blasting is preferred over hand abrasion as it tends to be more 
efficient at providing an appropriate bonding surface [49], Surface contaminates reduce the 
joint strength by preventing the formation o f a good adhesive/adherend bond. The bond 
created may be significantly weaker than that developed in a 'clean' region or in fact no bond 
may form at all. The former o f these two scenarios is almost impossible to detect non­
destructive^ and is a prime reason for the industry' wariness over adhesively bonded repairs.
The application o f the patch to the damaged material also provides opportunities for joint 
strength reduction i f  carried out incorrectly. The application aspects which provide these 
sources o f poor bond performance are the heating and application o f pressure to the curing 
joint. When heating, care to maintain an appropriate heat-up rate is essential. Should the
Vacuum bag
Heater blanket
Non-porous 
release film
Bleeder cloth
Sealant
Porous release 
film
Adhesive
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heal-up rate be too rapid, voids may form in the adhesive from outgassing o f species from 
either the adherends or the adhesive itself. I f  the heat-up rate is too slow, this can result in 
poor surface wetting and a thick adhesive layer.
A  common problem, especially for in-situ repair o f components using co-cured pre-preg 
patches, is poor control o f cure temperatures throughout the joint area. The temperature o f 
the joint in a vacuum bag repair is usually monitored by means o f thermocouples placed as 
near to the joint as possible. With composite structures (especially in aircraft applications) 
often having significant substructure which act as heat sinks, difficulties may occur in 
maintaining a constant temperature throughout the joint for cure. Without the use o f 
numerous heating sources (either heater blankets or heating lamps) such control may be 
impossible and areas around the joint may be either overheated (causing local resin burning) 
or under-heated (not fully curing either the patch or the adhesive).
The main criteria for the pressure applied to the joint is that it should be sufficient to keep 
the adherends in place and bonding surfaces close together for the period o f the adhesive cure. 
Vacuum bag application o f pressure is usually quite efficient at this through its ability to 
conform to unusual shapes. The other additional benefit o f vacuum bagging is that it does 
not apply an external load to the structure under repair, whereas mechanical pressure loading 
does. I f  using the latter, care must be taken to ensure that the structure under repair is 
capable o f withstanding the applied mechanical load required for the cure process.
Low  pressures may be created within a joint when under vacuum bagging and it is this 
phenomenon that introduces the disadvantages o f the process. The low pressure may tend to 
expand any trapped air or volatiles within the adhesive or curing resin, resulting in significant 
voiding within the joint. Another consequence o f the low pressure is the sucking o f air 
through porosity in the adherends from outside the vacuum bag into the joint. The vacuum 
also provides the perfect environment for the rapid diffusion o f any pre-bond moisture present 
in the adherends into the bond region. The consequence o f this moisture transport is 
discussed in the following section.
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1.5.2 ENVIRONMENT
1.5.2.1 THE EFFECT OF O PERATING  ENVIRO NM ENT ON THE IN TE G RITY  OF 
A N  AD H ESIVELY BONDED JOINT
Any adhesive joint must be capable o f retaining its load-bearing ability for extended periods 
under its expected operating environment. One o f the most hostile and, unfortunately, most 
common environments for bonded joints is moisture. Kinloch [50] states that research into 
adhesive technology is faced with two critical areas; the first, to develop adhesives with long­
term durability in moist environments and the second, to develop test methods and models 
to predict the service life o f adhesives from short-term experiments to convince users o f the 
reliability o f such joining by adhesion. While the presence o f moisture in the environment 
is a prime contributor to the reduced performance o f adhesively bonded joints in operating 
environments, there are numerous other parameters which have significant effects:
(a) The environment may not be atmospheric, instead the joint may be exposed to a 
range o f solvents, hydrocarbon fuels, hydraulic fluids, acids or bases etc. all o f 
which have differing effects on the adherends, adhesive and/or interface resulting in 
varying performance o f the joint.
(b) Any increase in the temperature o f  the operating environment tends to accelerate 
detrimental effects, particularly any resulting from hydrolysis.
(c ) The choice o f adhesive has significant effect on the performance o f the joint, based 
upon the adhesives reaction with, or resistance to, chemical attack from the 
environment.
(d) Similarly, the reaction o f the substrates to the environment will affect the joint 
performance.
(e ) In the presence o f applied tensile or shear stresses, whether internal or external, the 
interfacial molecular bonds o f an adhesive joint become far more susceptible to 
environmental degradation.
FRCs with matrices comprised o f  epoxy or bismaleimide resins (and adhesives o f similar 
polymers) will absorb atmospheric moisture up to an equilibrium level. The level and rate 
o f uptake are both dependent upon the atmospheric moisture content (viz the atmospheric
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moisture activity), the type o f polymer and its micro structure and the mechanisms by which 
the moisture is absorbed into the polymer. In aircraft applications the level o f this moisture 
content depends on operating environment, flight profiles, storage facilities and many other 
aspects o f every day aviation operation.
Concern has been expressed regarding material property degradation o f  the substrates and 
adhesive due to the absorption o f moisture [51, 52], In each, loss o f performance is 
associated with certain physical and/or chemical changes that result from moisture uptake. 
The alteration that concerns structural designers the most is the reduction in glass transition 
temperature {viz the increased plasticity o f the polymer) with increasing composite moisture 
content. Additionally, the reduction in glass transition temperature for 'in-service' FRCs is 
often more significant than that experienced in controlled laboratory specimens [52] as a 
result o f the transient conditions experienced by the 'in-service' components and what is 
known as the 'Thermal Spike Effect' [53, 54]. Applied stress also tends to increase the rate 
o f moisture uptake which in turn generally causes swelling, the creation o f internal stresses 
and a further increase in uptake rate [55],
Generally, exposure o f an adhesive joint to a moist environment results in decreased load 
carrying capacity o f the joint. This is a result o f  the moisture either:
(a) reducing the mechanical performance o f  the substrate or adhesive through
plasticisation, or
(b) degradation o f the substrate-adhesive interfacial bonds.
1.5.2.2 THE EFFECT OF SUBSTRATE M OISTURE ON THE IN TE G R ITY  OF A N
AD H ESIVELY BONDED JOINT
Concern has also been expressed over the presence o f moisture in composite substrates about 
to undergo adhesive bonding [56]. Not in this case, for a reduction in performance o f the 
substrate, but for a reduction in performance o f the adhesive bond line. Moisture present in 
a composite substrate is capable o f 'leaching out' in certain situations. Unfortunately these 
situations coincide with the conditions required to cure most structural adhesives used in 
bonding procedures. The process o f heating to cure the adhesive in a joint succeeds in not
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only curing the adhesive, but also diffusing the moisture from the substrates. As the moisture 
retention properties o f composites are generally proportional to the environmental humidity 
[57, 58], the higher the operational environmental humidity o f the substrates, the higher their 
moisture content and the more moisture there is available for desorption.
Part o f  this moisture loss w ill exit to atmosphere however, some will be absorbed by the 
adhesive and part may locate itself at the adhesive/substrate interface [56, 59]. The presence 
o f pre-join substrate moisture may affect the adhesive by:
(a) causing the production o f excessive amounts o f voids [56, 60],
(b ) plasticising the adhesive (i.e. reducing mechanical performance) and/or
(c ) interfering with the adhesive cure reaction [51].
The presence o f moisture at the substrate/adhesive bond line may also interfere with the 
adhesive making an effective bond with the substrate [61] and affect the locus o f failure in 
the joint.
The solution to the problem thus seems simple; reduce the moisture in the substrates to a 
level or distribution such that any desorbed water has minimal effect on the adhesive and/or 
interface (and hence the joint strength) [56, 62, 63], The only difficulty with this apparent 
rudimentary solution is that this level or distribution o f moisture is unknown. Most likely the 
level w ill depend on numerous parameters including the sorption characteristics o f the 
substrate and adhesive, adhesive cure conditions, surface preparation techniques and the 
amount o f pre-drying applied to the substrates. It is critical to aircraft operators that this 
drying process be as efficient as possible. Complete drying o f thick FRC components could 
result in excessive (and potentially expensive) component downtime. Ideally, the most rapid 
process which reduces the moisture desorbed during repair to a level which has negligible 
effect on the joint strength (without further damage to the component) is the ideal outcome 
o f research into the effect o f substrate pre-bond moisture on the integrity o f adhesive bonded 
repair.
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1.6 SCOPE AND ORGANISATION OF THE DOCUMENT
The research described within this document is aimed at generating an improved 
understanding o f the effect o f environmentally absorbed moisture on the repair, by adhesive 
bonding, o f  polymeric fibre reinforced composites. The results and consequential conclusions 
are obviously specific to the FRC/substrate systems examined in the research although, the 
document makes clear where these specific results are thought to be generic. The FRC 
material utilised was Torayca T800 intermediate modulus carbon fibres embedded within 
Fibredux 924 epoxy, resin (Ciba) and the adhesives investigated were Redux 312/5 (Ciba) 
modified epoxy film adhesive and Scotch-Weld AF-163-2 (3M ) structural film adhesive.
The specific aims o f the research were to:
(a) establish the moisture sorption behaviour o f the FRC in order to determine the most 
appropriate method by which to model the sorption characteristics,
(b) establish the effect that absorbed moisture has upon the mechanical performance o f 
the FRC,
(c ) to establish the effect, separately and together, o f pre and post-join moisture on the 
strength o f a bonded scarf joint representative o f  a FRC repair, and
(d) to investigate, experimentally and analytically, the effect o f substrate pre-join drying 
on the strength o f a bonded scarf joint representative o f a FRC repair.
The document is laid out in the order o f the research presented above. Section 1 includes 
extensive reviews on the mechanisms by which moisture may be absorbed (in order to 
establish the range o f possibilities existing to model the sorption characteristics o f the FRC) 
and o f how the absorbed moisture and may affect the mechanical performance o f either the 
joint components or the joint itself. Section 2 investigates experimentally and analytically, 
the sorption characteristics o f the FRC while Section 3 considers the mechanical performance 
o f the FRC as a function o f moisture content and the effect o f moisture on the representative 
scarf joints.
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2 SORPTION EQUILIBRIA
2.1 MECHANISMS OF PENETRANT SORPTION
2.1.1 RUBBERY POLYMERS
Thermodynamics allow the quantity o f diluent absorbed into a polymer to be related directly 
to its chemical potential. At equilibrium, i.e. the point at which the polymer is saturated with 
penetrant and no further uptake occurs, the chemical potential o f penetrant within the polymer 
must be equal to that o f the penetrant in the environment surrounding the polymer sample. 
Assuming isothermal conditions exist in the environment/polymer system, the chemical 
potential equality is analogous to an equality between penetrant activity in the polymer and 
in the environment. Thus, the equilibrium quantity o f diluent within the polymer (cD) may 
be related to the environmental diluent activity (ad) by a Henry's law constant (k):
cD = kad (2)
Such an equilibrium isotherm is generally observed at low penetrant concentrations in either 
rubbery polymers or systems in which the polymer and penetrant have little affinity for each 
other. As the concentration o f  equilibrium diluent increases (i.e. the environmental penetrant 
activity increases) the sorption equilibria isotherm displays deviations from the straight line 
o f equation (2). For rubbery polymers this deviation is an increased equilibrium concentration 
for a given environmental activity as shown by the experimental results o f van Amerongen 
[64] for the uptake o f  benzene into natural rubber (see Figure 13). Note that the 
environmental activity o f a penetrant is, by definition, equal to the relative vapour pressure 
o f the penetrant and is consequently, in the situation where the penetrant is water, equivalent 
to the environmental relative humidity.
This phenomenon is described adequately by the Flory-Huggins theory o f polymer solutions 
(to be discussed further in section 2.2.1.2) which accounts for polymer-penetrant interaction 
(through an internal state variable, viz the interaction parameter x ) and differences in 
molecular sizes. The Flory-Huggins expression also provides a good representation o f the
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sorption isotherm for glassy polymers at or above their glass transition temperature (T g ) 
although, the higher the temperature o f such polymers, the more linear the isotherm (i.e. the 
more the isotherm approaches Henry's law, equation (2)).
Relative vapour pressure 
Figure 13 Sorption isotherm fo r  benzene into natural rubber: data from (64]
2.1.2 GLASSY POLYMERS
2.1.2.1 D E V IATIO N  FROM  HENRY'S L A W  A T  LO W  CONCENTRATIONS
For polymers with a rigid molecular structure the sorption isotherm may exhibit deviations 
from Henry's law at both high and low diluent concentrations. At low concentrations the 
deviation appears as a levelling o ff  o f  the isotherm with increasing penetrant activity. This 
departure from basic dissolution theory is explained by penetrant molecules initially binding 
to fixed sites within the polymer network, adsorbing onto the surfaces o f or absorbing into 
micro-voids within the polymer in preference to dissolving within the microstructure. As an 
example o f these binding sites, epoxy resins cure by reaction with amines to produce a cross- 
linked structure but the first stage o f this reaction also leads to the formation o f hydroxyl 
groups. Through homopolymerisation the hydroxyl can also be linked to the epoxide creating 
a more rigid polymer and an increased number o f hydroxyl and unreacted secondary amine 
groups, which are strongly polar. Sorption to these sites has been shown, in certain 
circumstances, to be preferential to the ordinary dissolution o f the penetrant molecules
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(especially for water) and is most noticeable in low penetrant activity environments [65]. The 
penetrant isotherm then becomes concave to the activity axis as these available sites become 
saturated and additional penetrant must be absorbed by other mechanisms with less storage 
capacity. This form o f isotherm is shown in Figure 14 for the absorption o f moisture into an 
epoxy resin at 25°C.
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Figure 14 Sorption isotherm for water into epoxy resin: data from [6 5 ]
2.1.2.2 D EVIATIO NS FROM  H E N R Y ’S L A W  A T  HIGH CO NCENTRATIONS
At higher concentrations the deviation in sorption isotherm for glassy polymers appears in the 
same form as that o f  the rubbery polymers as shown by the uptake o f water by Poly-Ether- 
Ether-Ketone (PEEK) in Figure 15. While this system is well predicted by Flory-Huggins 
dissolution others, such as the uptake o f water into polyurethane shown in Figure 16, exhibit 
a far greater upturn than that predictable solely from the mechanisms considered by the Flory- 
Huggins theorem.
Because o f the fixed nature o f the molecular structure in such polymers, there exist significant 
free volume regions within the network, some o f sufficient size to allow penetrant molecules 
to interact both with available binding sites on the volume surface and/or other penetrant 
molecules. The penetrant molecule clustering described by the latter group o f interactions is 
one mechanism through which the sorption isotherm may increase to levels above that
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reasonably expected by Flory-Huggins dissolution. Another is related to the swelling induced 
by the penetrant as it interferes with the polymer intra-molecular interactions (most 
commonly, hydrogen bonds) to reduce the rigidity o f the network.
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Figure 15 Sorption isotherm fo r  water into Figure 16 Sorption isotherm fo r  water into
PEEK: data from [8 0 ] polyurethane: data from [103]
The effect o f water as a penetrant on the intra-molecular interactions o f an epoxy resin may 
be used to explain this relaxation effect. The most common o f such resins have been based 
upon tetraglycidyl 4,4'-diaminodipenyl methane (TG D DM ) or diglycidyl ether o f Bisphenol-A 
(D G EBA) with diamino dipheynl sulfone (DDS), triethylene tetramine (TE TA ), dicyandiamide 
(D IC Y ), benzyl dimethylamine (B D M A ) or boron fluoro monoethylamine (BF3M E A ) used 
as curing agents. They exhibit significant moisture sorption from the atmosphere which is 
partially explained by strong interactions between some groups o f the resin macro-molecule 
and the penetrant molecules. Intra-molecular interactions, such as those shown in Figure 17 
for an epoxy system, reduce segmental motion and result in an increased glass transition 
temperature (T g ) for the polymer. As the penetrant molecules break down these bonds the 
polymer is able to swell in response to either the osmotic pressure o f the penetrant or residual 
stresses from the curing process. Such swelling increases both the free volume o f the 
polymer and the number o f possible binding sites, thus increasing the sorption capacity o f the 
polymer.
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Figure 17 Structure and intra-molecular interactions within an epoxy-amine system (75/
Theoretical considerations o f the kinetics o f penetrant uptake have led some workers [66, 67, 
68] to consider the equilibrium content (me) to be comprised o f two contributions; a dissolved 
population (m De) and an additional population due to either binding or relaxation effects
( m R . e ) :
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Using this approach for the uptake o f 
moisture in an epoxy resin, De Wilde and 
Sh o p o v  [ 68]  sugges t  that this 
binding/relaxation population is also 
dependent upon penetrant activity as shown 
in Figure 18.
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Figure 18 The effect o f  activity on second 
stage moisture uptake (mR J :  data from (68/
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Supporting evidence for the suggestion that there may be chemical interactions between an 
epoxy resin and penetrant moisture comes from Nuclear Magnetic Resonance (N M R ) [69, 70] 
and both ordinary and Fourier-Transform Infrared (FT IR ) [71] spectroscopy which have 
shown a strong affinity between water molecules and specific groups o f a high polar nature 
in the polymer. Broadline N M R  spectra o f epoxy polymers with sorbed water above a critical 
level characteristically show a narrow line, indicative o f the water, superimposed over the 
broader polymer derivative signal. N M R  line width decreases with increasing molecular 
mobility. However, as rotation about the bond axis is normally sufficient to promote the line 
narrowing phenomenon the N M R  results suggest that at moisture levels below the critical 
value the water molecules interact primarily with one site within the polymer and in a 
secondary manner with available adjacent sites preventing such rotational motion. As the 
moisture content increases, the number o f adjacent sites available for interaction reduces as 
they become sites for their own sorbed water molecules and thus initial line narrowing is 
observed. A  third phase o f sorption may then also be indicated by NM R where a secondary 
(and subsequent) layer o f molecules cluster into the region o f the site bound molecules and 
produce a definite narrowing o f the N M R  spectra [70]. This grouping or clustering o f water 
molecules may in some ways be explained by the high cohesive energy o f water [72] and 
evidence o f this process has been found in both polyamides [73] and epoxies [74],
2.1.2.3 A D D IT IO N A L SORPTION FROM  INDUCED M IC R O -C AV ITY  D AM AG E
The experimental data discussed so far have all related to the first uptake o f penetrant into 
'as-cast' polymers. Such isotherms are generally unable to be reproduced in additional 
sorptions after drying o f the polymer. The second and subsequent uptakes show increased 
equilibria levels from that o f the first cycle. The significant upturn in the equilibrium 
isotherm at higher concentrations has already been explained, in part, by the stress relaxation 
o f the polymer network and such an expansion may also provide a reason for this step up in 
equilibrium sorption level between the initial and further sorption cycles.
Penetrant molecules may occupy any o f the free volume created during the relaxation o f the 
polymer network. Upon drying, the penetrant desorbs from the polymer at a quicker rate than 
the polymer is able to contract. The loss o f penetrant allows the previously broken intra­
molecular bonds to reform, but not necessarily in the initial configuration. The reformed
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network then has a slightly expanded form from its 'as-casf condition with a consequential 
increased free volume [75]. This expansion or micro-cavity damage induced by penetrant 
uptake has been associated with the whitening (or micro-cracking) o f some polymers in 
response to moisture absorption [76, 77, 78, 79]. The clustering o f penetrant molecules is 
thought to be most critical in this process as the clusters occupy large volumes in the network 
but are quick to desorb during the drying o f the polymer [80, 81]
The altered/micro-damaged network then exhibits two consequences o f its new form; an 
increased rate o f penetrant uptake in subsequent exposures to the penetrant environment and 
an increased equilibrium level as a result o f increases in binding sites available and size o f 
free volumes to be occupied by penetrant molecules. The fact that additional binding sites 
exist (other than those occupied in the first uptake) is easily proven by considering the 
stoichiometric number o f such sites and the amount o f penetrant absorbed. Considering the 
hydroxyl groups in a cross-linked epoxy resin only, Barton and Pritchard [82] calculated that 
an equilibrium moisture content o f 1 l%w/w (moisture weight as a percentage o f dry polymer 
weight) would be expected i f  all these potential sites were occupied by water molecules. As 
the epoxy does not absorb this quantity o f moisture there must be sites not directly interacting 
with a water molecule. Figure 19 shows the effect o f a second sorption cycle on a 
DGEBA/TETA epoxy water sorption isotherm.
a
Figure 19 Sorption isotherm fo r  wafer inlo TGDDM-DDS: data from [98/
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An important aspect o f the second and subsequent uptakes is their relationship to the 
environmental activity. While the initial uptake isotherms may be o f a form poorly 
represented by the Flory-Huggins theory, the additional uptakes generally become much better 
behaved and in many cases are almost linear in the higher concentration regions. Because 
o f the increase in available binding sites the initial preferential sorption at low concentrations 
also increases.
Other damage mechanisms may also create additional free volume within the sorption sample. 
Degradation o f the material from exposure to the penetrant can result in polymer cracking 
which provides additional volume for the penetrant molecules even though they are not truly 
absorbed by the material. This form o f damage is deleterious to the structural performance 
o f the polymer and is an indicator o f the inapplicability o f the material for the conditions 
under which it exhibited such a response. The micro-cavity damage tends not to reduce 
significantly the mechanical properties o f the dry polymer as the polymer interactions are 
reformed upon the loss o f the penetrant from the structure.
2.1.3 SORPTION ISOTHERMS IN FRCs
The uptake o f moisture into a FRC is determined by the properties o f both the matrix and the 
fibre. As the matrix is, for the purposes o f this research, generally a glassy polymer, it can 
be expected to exhibit characteristics similar to those discussed in the previous section. The 
fibres though, may also absorb penetrant or may be effectively impermeable. The former 
category includes natural fibres such as jute or sisal and polymeric fibres such as aramid 
while the latter includes such fibres as glass and carbon by virtue o f their low uptake o f 
penetrant (typically less than 0.1%w/w [83]. The ability o f the fibre to absorb penetrant 
affects significantly the moisture equilibrium level o f the FRC as the fibres generally occupy 
around 50% o f the volume within any composite. This is apparent when comparing the 
sorption equilibria isotherms o f jute [84] or aramid [85] reinforced polymers to those 
reinforced with carbon or glass. The isotherm levels o f  the former may be up to four times 
larger (when considering penetrant content as a percentage o f composite weight) due to the 
penetrant uptake in the fibres.
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While it is accepted for glassy polymers that Henry's law is not particularly well suited for 
predicting the variation o f equilibrium moisture content with environmental activity, workers 
examining similar isotherms in FRCs have often attempted to fit such a model to their data 
[86, 87, 88], often relying on as little as three points above an environmental activity o f  0.6 
to determine the constant. Other authors have made a slight improvement and notice that the 
upturn present in glassy polymers is also present in FRCs. Rather than adopting the more 
appropriate Flory-Huggins model they typically use Freundlich's adsorption isotherm:
cD -  k a ’J  (^)
to provide a more acceptable fit to experimental data as shown in Figure 20 [57, 58, 89, 90]. 
While this equation does provide a reasonable fit to the data in most cases, it has no real 
physical basis to support its use. Also, it is unusual to find experimental data in the literature 
with equilibria levels determined at diluent activity levels less than 0.4 which makes it 
difficult to ascertain i f  a preferential sorption mechanism is ever present in FRCs.
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Figure 20 Sorption isotherms fo r  impermeable 
fibre reinforced epoxy matrix composite: data 
from  [5 7 ]
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Figure 21 Sorption isotherms fo r  neat PEEK  
and carbon'PEEK (APC-2)  composite: 
data from [8 8 ]
The effect o f the fibres on the equilibria levels may not be limited to their own absorbency. 
The interface region between the fibre and the matrix is generally considered to be o f 
different network structure (i.e. reduced cross-link density) to that o f the bulk polymer. This
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may have the effect o f the composite absorbing a different amount o f penetrant per unit mass 
o f matrix than the neat polymer. I f  this does not occur the isotherm o f the composite is 
simply a linear combination o f the matrix and fibre contributions and a simple relationship 
between the two exists. For impermeable fibres the relationship reduces to:
K ) ,
1
composite
1 + vi h .
pp
'polymer (5)
which is shown in Figure 21 to predict reasonably well the performance o f a carbon/PEEK 
composite (APC-2) based on the isotherm data o f the neat PEEK.
Thomason [91] has shown an additional effect due to void content within the matrix o f FRCs 
with impermeable fibres. The moisture content and uptake rate o f FRCs was seen to 
significantly increase with void volume fractions greater then 0.01. FRCs with less than this 
critical value were seen to exhibit uptakes very similar to that o f the matrix such that equation 
(5) was valid. This response was observed in several fibre/matrix combinations and is 
thought to be a general feature o f water absorption in FRCs. Essentially the voids provide 
sites for storage o f moisture at much higher concentrations than in the resin (similar, but to 
a greater extent than the micro-voids) thus raising the equilibrium moisture content o f the 
FRC. Should significant porosity occur in a neat polymer this effect would also be expected 
to be observed. This mechanism, i f  present in a FRC, would be accounted for by the 
preferential sorption isotherm similar to the micro-voids.
2.2 THEORETICAL MODELLING OF SORPTION EQUILIBRIA
2.2.1 DISSOLUTION SORPTION
2.2.1.1 ID EAL DISSOLUTION
Rogers [92] provides an excellent definition for sorption as being, "a generalised term used 
to describe the penetration and dispersal o f  penetrant molecules in a polymeric matrix to form 
a mixture. The sorption process can be described phenomenologically as the distribution o f 
the penetrant between two or more phases to include adsorption, absorption, incorporation into
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micro-voids, cluster formation, solvation-shell formation and other modes o f mixing." It is 
important to note that in any system the penetrant sorption may be through any one or more 
o f the previously mentioned mechanisms.
Ordinary dissolution o f  small penetrant molecules dispersed amongst the larger polymer 
chains such that Henry's law is applicable, is the most basic and perhaps most easily 
explained solution phenomena. Such ideal sorption behaviour is typical o f  the absorption o f 
permanent gases into polymers at pressures lower than one atmosphere since the solubility 
o f the gases are low and there is little affinity between the polymer and the penetrant [92],
2.2.1.2 FLORY-HUGGINS THEOREM FOR DISSOLUTION W ITH  POLYM ER- 
PENETRANT INTERACTIO N
For consideration o f penetrants that interact with the polymer the amount o f moisture 
absorbed by dissolution will be a function not only o f the vapour activity but also o f the 
morphology and state o f the polymer. The Flory-Huggins theory was developed to overcome 
the problems o f the simple lattice theory to give realistic predictions o f thermodynamic 
properties o f polymer solutions by considering the large differences in size between the 
polymer and penetrant molecules and the interactions between the two:
where V d and V p are the volume fractions o f the diluent and polymer, ud and up are the molar 
volumes o f the diluent and polymer respectively and Xd is the penetrant-polymer interaction 
parameter. As the molar volume o f the polymer is generally much larger than that o f the 
penetrant the expression is commonly reduced to:
While this is a better model than the simple lattice theory, deficiencies remain. The Flory- 
Huggins theorem is unrealistic in that it assumes a single lattice form for the penetrant, 
polymer and their mixture and assumes no volume change upon mixing (i.e. no swelling). 
The possibility o f self-interactions in the lattice by the polymer are not excluded in the 
mathematical derivation when considering the total number o f conformations o f the polymer 
molecule within the lattice and the mean-field approximation used in the mathematics o f this
In ad -  \nvd + 1 -  —  Vp * (6 )
In ad =\nVd + V p + (7)
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calculation is only valid for dilute penetrant systems [93].
For a system with extremely low penetrant concentration it can be shown that the Flory-
Huggin's theory reduces back to Henry's law as:
ad = Vde (1+Xj) (8)
The interaction parameter is determined by the entropy and enthalpy o f the system as well 
as being related to the volume fraction o f the polymer. This approach generally provides 
acceptable results in non-polar systems and in polar systems with low penetrant
concentrations.
2.2.1.3 D ISSOLUTION W ITH  PENETRANT-PENETRANT INTERACTIO NS
The Flory-Huggins isotherm while more accurately representing the thermodynamics o f the 
polymer-penetrant mixture than Henry's law also describes the trend o f sorption due to both 
polymer plasticisation and penetrant-penetrant interactions. The sorption o f the penetrant 
(especially in the case o f water into epoxy) tends to plasticise the polymer by rupturing 
polymer intra-molecular hydrogen bonds for the preferential formation o f penetrant-polymer 
bonds. As the polymer is plasticised it tends to swell, creating additional free-volume or 
micro-voids and hence more locations for sorption. The synergistic creation o f extra binding 
sites and increase in sorption level may be accounted for by the general Flory-Huggins 
isotherm cosmetically but in a physical sense the Flory-Huggins model breaks down because 
the site density is not constant and the Flory-Huggins model is no longer simply describing 
the interaction between penetrant and polymer but also the creation o f the additional sites.
I f  the penetrant is highly polar (eg. water) it is also prone to interact with itself. This is 
extremely likely to occur where the penetrant-penetrant interactions are stronger than the 
penetrant-polymer interactions. Clustering o f the penetrant molecules is a valid consideration 
and the likelihood is that such clusters would be relatively less mobile than single molecules. 
This would be unlikely to have a significant effect on the equilibrium sorption level but 
would definitely affect the diffusion rate o f the penetrant into, and out of, the polymer. The 
penetrant-penetrant interactions cannot be considered as adding to the penetrant sorbed but 
may be considered as a separate process by which the penetrant maybe sorbed and which
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although possibly well represented by the form o f the Flory-Huggins isotherm is in fact 
contrary to the assumptions upon which the Flory-Huggins theorem is developed (see section 
2.3).
2.2.1.4 A LTE R N A T IV E  AN D  AD D IT IO N A L  EXPRESSIONS FOR FLORY-HUGGINS 
D ISSOLUTION
While inaccuracies exist in the Flory-Huggins expression when describing the physical 
thermodynamic performance o f a polymer solution, it does contain most o f the essential 
features o f such solutions. In its place, group contribution or additional lattice models could 
be used but only at an expense to the simplicity o f the expression without a commensurate 
increase in accuracy. The one aspect o f this dissolution theory that has raised recent attention 
however, has been the discovery that for some polymer-solvent mixtures the interaction 
parameter has been found to be a function o f the polymer volume fraction (and consequently 
the diluent volume fraction) rather than a constant. Plotting [ln(ad)-In (Vd)- ( l-V d)] against 
(1 - V d)2, based on equation (7), should produce a line o f slope %A. Should it not, Koningsveld 
and Kleintjens [94] have proposed that the interaction parameter may be expressed in terms 
o f the diluent volume fraction by:
Xd = a  + — —  —  (9)
Xrf (1 -  “ (1 -  vd)] ' '
where a  is an empirical entropy correction term, P a factor related to the difference between 
the interaction free enthalpy o f unlike neighbouring molecules and the arithmetic mean o f the 
values for identical neighbours and co a correction correlating to the coordination number o f 
the polymer network. This expression is not empirically based, rather [94] has assumed that 
the enthalpy o f  mixing is related to a solvent interacting surface fraction rather than simply 
to the solvent volume fraction as utilised in the derivation o f the Flory-Huggins theorem. 
This additional expression accounts for the situations in which the interaction parameter is not 
constant and answers the concerns o f  [98] and [103] that identify the inability o f the Flory- 
Huggins theorem to represent some sorption equilibria data which demonstrate sharp upturns 
at high activity levels.
Equally so, the original Flory-Huggins theorem has really only made in-roads into prediction 
o f polymer sorption characteristics for good solvents in elastomers (which most often have
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a relatively constant interaction parameter). For more glassy polymers an additional term may 
be added to the expression to account for the elastic contribution o f the cross-linked network. 
This new expression, known as the Flory-Rehner equation [95], while perhaps more precise 
in its derivation, fails to provide any great benefit as the additional term has very little effect 
on the overall expression [96]. Later, Rogers [97] et al (see [106]) proposed more general 
dissolution expressions to account for elastic restraints in crystalline polymers by considering 
the crystallites as cross-links and the amorphous regions as an elastomer. However, the more 
recent Koningsveld-Kleintjens proposal, while less rigorous in its derivation seems adequate 
to describe most sorption isotherms and produces more meaningful results than the plethora 
o f correction factors applied to the original Flory-Huggins theorem. Experimentation has 
supported this, demonstrating that the Flory-Huggins expression provides good representation 
for good solvent isotherms while poor solvents require at least three adjustable parameters in 
place o f the interaction parameter for an acceptable representation o f the data [96],
2.2.2 PREFERENTIAL SORPTION
The process o f preferential sorption to the binding sites in a polymer is analogous to 
preferential adsorption onto a surface and a Langmuir adsorption isotherm may therefore be 
used to represent it:
cb = C» boai  (10)
1 + V d
, A
where cb is the concentration o f diluent sorbed by preferential bonding, Cb is the capacity 
constant o f the bond sites and bb is the affinity constant o f the sites [98].
The polymer-penetrant interaction predicted by this approach may be used to represent 
preferential sorption to any specific site within the polymer. For example, in a composite or 
any heterogeneous material the sites may be associated with the non-wetted surface o f the 
dispersed phase. Equally so the preferential sorption need not be solely to polar bond sites. 
A ll that is required is that the penetrant is particularly drawn to specific locations within the 
polymer in preference to forming a homogeneous mixture.
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2.2.2.1 BARRER, BARRIE AN D  SLATER  D U AL SORPTION MODEL
Meares [99] speculated that in addition to dissolution a second sorption mechanism was 
present in the uptake o f several gases into polyvinyl acetate. His concept involved micro­
voids present within the glassy polymer network in which the gas was able to gather. The 
gathering o f gas molecules was thought to immobilise a percentage o f the penetrant molecules 
by entrapment or attraction from energetic sites at the edge o f the supposed micro-voids. 
Meares supported his theory by examining the heat o f solution (the sum o f the work required 
to create a hole to accommodate the solute particle and the interaction energy between that 
particle and the surrounding polymer) between various temperature conditions.
In a series o f research papers Barrer el al examined the sorption and diffusion characteristics 
o f ethyl cellulose [100, 101, 102]. The initial work demonstrated that the sorption o f acetone, 
benzene and methanol into the ethyl cellulose was history dependent. The experimental 
sorption isotherms also indicated that the approach to equilibrium involved a slow process, 
at least in the later stages, which they theorised was due to some long term relaxation effects. 
They were also able to show that an initial sorption half-cycle (dry to wet) produced a 
swollen and rearranged ethyl cellulose structure [100], As the equilibria isotherms were not 
well represented by Henry's law, Barrer et al supported Meares' idea regarding the presence 
o f a mechanism o f preferential adsorption and proposed that a Langmuir isotherm could 
realistically be expected to comprise part o f  the overall polymer isotherm. However, since 
a plot o f ad/cb vs ad was not found to be linear they proposed a dual mode sorption model 
with the two concurrent sorption phenomena o f ordinary dissolution and micro-void penetrant 
retention.
While the initial dual-mode sorption model was postulated with the idea that a portion o f the 
penetrant was sorbed into micro-voids dispersed throughout the resin, it has now been 
extended to include any mechanism which immobilises penetrant motion in a micro- 
heterogeneous medium [103]. This second process includes the previously mentioned polar 
bonding, the adsorption onto and into micro-voids and all other processes which result in 
preferential sorption. It is interesting to note that in [100] the presence o f hydrogen bonds 
was demonstrated by infrared spectroscopy o f carbon tetra chloride in ethyl cellulose but not 
used as an explanation o f  any component o f the sorption mechanism. Two aspects o f the
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Langmuir isotherm chosen to represent this form o f sorption are important: the Langmuir 
model was initially developed considering only a monolayer deposition o f molecules, and the 
site and/or holes have a finite capacity which is saturated in the limiting case o f high 
environmental vapour activity. The isotherm is identical to that o f equation (10) but with 
different explanations for the terms within it:
c l  ~
(11)
1 + V , *
where c, is the concentration o f diluent sorbed by Langmuir isotherm represented processes, 
C, is the sorption capacity constant and b, is the polymer-penetrant affinity constant [75],
2.2.22 MODIFIED D U AL SORPTION LA W
When Meares proposed, and Barrer et al developed, the original dual sorption law, they based 
the dissolution component o f sorbed penetrant upon Henry's law which remains in use as the 
most simple form o f  the model [104], This was surprising as [102] recognised that "the 
isotherm contours for larger sorption show an upward inflection" a characteristic not predicted 
by Henry's law. While they had discussed the possibility o f utilising the Flory-Huggins 
theorem [101] they failed to apply it based around the apparent irreversibility o f  polymer 
sorption in such conditions. The modified Dual Sorption law, more commonly accepted now, 
replaces Henry's law with the Flory-Huggins theory [72, 75, 80, 92, 98, 105] to account for 
the upturn in the isotherm and accepts that parameters may change between successive 
sorption cycles to account for the first cycle induced micro-cavity damage. This provides the 
sorption isotherm:
in which V d is related to cD by the expression:
/
+
b i i p i  c l ]  j
(12)
cD -  (13)
p,.(1 ~ vd)
where pd, pp are the diluent and polymer densities respectively such that the sorption isotherm 
in more common form becomes:
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(14)
The Flory-Huggins contribution cannot be expressed algebraically because o f the non-linearity 
o f  the theory's expression and is most often determined numerically. An excellent review o f 
the detailed experimental and analytical work leading to the acceptance o f this model is 
contained in [106],
2.2.3 ALTERNATIVES AND ADVANCES IN SORPTION EQUILIBRIA THEORY
2.2.3.1 B.E.T. EXPRESSION FOR SORPTION
in terms o f a polymer solution, initial attempts to describe the sorption o f diluents into 
polymers were made using localised sorption models. These models represent sorption by the 
diluent being in one o f two states; either strongly localised or liquid like. The distribution 
o f the diluent molecules is considered in terms o f A  molecules dispersed amongst B sites 
within the polymer matrix. At the B sites it is assumed that X  are occupied by strongly 
bound diluent molecules, while the remaining (A -X ) diluent molecules are dispersed around 
the X  occupied sites with 'liquid-like' properties. Statistical thermodynamics leads to the 
derivation o f  the B.E.T. equation usually associated with adsorption [107]:
where R ipf is a value related to the ratio o f internal partition functions o f  the bound and liquid 
diluent molecules. This equation has been applied with some success to the uptake o f water 
into natural fibres and proteins, epoxy and phenolic resins and nylon [106] but is now 
accepted as being applicable in such systems where the polymer is quite hydrophillic and in 
the lower activity range. It may be noted here that the Langmuir component o f the dual 
sorption theory is a simplified version o f  the B.E.T. expression, the latter allowing for multi­
layer deposition o f penetrant onto adsorption surfaces.
While the Henry and Flory-Huggins expressions are used to explain absorption o f a solvent
A (15)
B  (1 -<M (1
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2 2 3 2  ISOTHERMS PREDICTED B Y  PO LYM ER ELASTIC  PROPERTIES
A ll o f  the previously mentioned models for equilibria isotherms rely upon the premise that 
the polymer structure is unaffected by the penetrant. This is unrealistic as polymer expansion 
has been observed [81, 100] and a more reasonable assumption is to expect a continuous 
change in the structure o f the polymer from the initial 'as-cast' configuration to the 
equilibrium structure o f  the polymer-penetrant system [108]. This effect has been used to 
explain the form o f glassy polymer isotherms assuming that there is only one population o f 
penetrant molecules in conjunction with a polymer relaxation mechanism. Thermodynamic 
consideration o f such a model allows a predictive theory to be developed in which the 
sorption o f penetrant is related to the bulk modulus o f the glassy polymer [108, 109],
The exact form o f the isotherm depends significantly upon the assumptions made to develop 
it. As yet, only [109] has attempted to correlate its model to experimental sorption isotherms 
o f vinyl chloride molecules into poly(vinyl chloride) using physical parameters o f the 
polymer, and that with only limited success at lower penetrant activity levels (<  0.6). This 
could be attributed to inaccuracy in either the parameters used or to the assumptions upon 
which the model is based.
Both [108] and [109] recognise that because o f the thermodynamic analysis used to develop 
the theories, the very slow relaxation processes present in the glassy polymers mean that the 
polymer-penetrant mixture is usually not in a true thermal equilibrium state. The consequence 
o f this is that there w ill be a strong thermal history effect on some o f the parameters utilised 
within the models. The dual mode sorption model remains only a correlative empirical 
approach to considering sorption isotherms while the thermodynamic approach is suggested 
to be predictive. The latter appears to offer significant improvements over the former but is 
as yet to be established with sufficient research to suggest its common use. The empirical 
approach while not ideal, does allow direct comparison between sorption isotherms o f 
different polymer-penetrant systems.
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2.3 THE CLUSTER INTEGRAL
Obviously, should any o f the assumptions used to generate a model break down, then the 
validity o f the model must be called into question. As very little has been assumed in the 
Langmuir adsorption component o f the dual mode sorption model there is very little that can 
'go wrong* to invalidate that part. However, the dissolution component, as has been shown, 
does have a number o f critical assumptions which could be invalid in certain circumstances. 
Firstly Henry's law was corrected by the Flory-Huggins theorem to account for molecular size 
differences but both rely upon the assumption o f  a random distribution o f diluent molecules 
under the effect o f a mean field o f interactions (characterised by the interaction parameter). 
In section 2.2.1.3 the possibility o f penetrant-penetrant interactions leading to clustering was 
discussed. Such gathering o f diluent molecules into a specific region is obviously non- 
random and as such contravenes the assumptions required o f the Flory-Huggins theorem. 
Consequently a knowledge o f when clustering is expected is required to determine the valid 
range o f the Flory-Huggins equation.
Zimm and Lundberg [110, 111] developed an analysis to determine the extent o f clustering 
within an equilibrated two component system based upon statistical mechanics to interpret the 
thermodynamic characteristics o f the binary mix. The free energy o f the system may be 
related to the first derivative o f the activity with respect to the volume fraction provided the 
isothermal compressibility o f  the polymer solvent solution may be neglected [96]. Zimm and 
Lundberg then use this relationship to provide an estimate o f the number o f solvent molecules 
in excess o f the mean concentration surrounding a given molecule.
The descriptive parameter, known as the cluster integral (G ) is obtained from equilibrium 
isotherm data using the relationship:
/ a .
G = - i t  - 1
Vj (16)
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which is more conveniently expressed as:
G =_  ( 1  -  YA
V 2yd
dKt
daA VA
(17)
For a polymer-penetrant mixture with an isotherm adequately described by Henry’s law, the 
diluent volume fraction is directly related to the activity such that the cluster integral is equal 
to -1 which corresponds to the localised diluent concentration being equal to the mean 
concentration. This may also be interpreted as the diluent molecule excluding no volume 
other than its own to any other diluent molecule. I f  G is greater than -1 the localised 
concentration o f penetrant molecules in the region o f an existing penetrant molecule is higher 
than the mean, i.e. there is a tendency towards penetrant molecule clustering. As such, and 
as expected, an ideal mixture should not exhibit clustering.
Similarly, in the case o f a polymer-penetrant system that is isothermally described by the 
original dual sorption (DS) theory the cluster integral is equal to:
'AS
_ ( 1 -  k.)
V 2vd
C LbLad y  
(1 + h  adf
(18)
However this function again is expected to be less than -1 for any normal polymer as the first 
two terms within the brackets are always less than V d, and V d is sufficiently small to ensure 
that the magnitude o f the function is greater than 1. Thus i f  clustering is observed through 
means such as N M R  or infrared techniques, the original dual sorption method is obviously 
inapplicable . An apparent linear sorption isotherm is not necessarily proof o f no clustering 
as such an isotherm can result from competing effects including clustering [105],
One o f the distinct benefits o f the Flory-Huggins (FH ) theorem is its ability to predict more 
accurately the onset o f clustering within a polymer solvent mixture. The cluster integral for 
the original Flory-Huggins expression has been found previously to be [96]:
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and for the modified dual sorption (M D S) theory [105]:
GM DS
0 - v*) V *C l p l ad + ______
(1 +bLadf  1-F/‘(1 +2x(1 Vm
(20 )
However, both o f these expressions rely upon the assumption that the interaction parameter 
is constant. Should this not be the case, then the cluster integral for the Flory-Huggins theory 
with an interaction parameter described in terms o f the Koningsveld-Kleintjens (K K ) 
expression becomes [96]:
G 1FH /K K
1
1 - 2 a  -
-  1
(21 )
(1 -<o(1 -  K^))3
which may be extended to express the cluster integral o f the modified dual sorption theory:
M D S  IK K
v  fi'vd
(1 - y1 - 2 a  - 2(5(1 - o )
H^H^d
( 1 + bH^df
(22)
As the parameters o f these previous equations are able to be determined from the sorption 
isotherms the expected diluent concentration (volume fraction) at which clustering is expected 
to occur may be predicted. It is at this concentration that the reliability o f the Flory-Huggins 
theory must be questioned.
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3 SORPTION KINETICS
3.1 MECHANISMS OF MASS TRANSPORT
3.1.1 LIMITING MECHANISMS
The kinetics o f sorption for low molecular weight penetrants in polymer systems appears to
be governed by two limiting cases:
(a) Case I (Fickian or diffusion controlled), in which the transport o f the penetrant is
essentially a stochastic diffusion process driven by the presence o f a chemical
potential (viz penetrant concentration) gradient. Such transport generally takes place 
in polymer-penetrant systems in which the penetrant has negligible hygroelastic 
effect on the polymer.
(b) Case II (relaxation controlled), in which the relaxation o f the polymer in response 
to the osmotic pressure o f the penetrant is more rapid than any internal diffusion 
process. Consequently, the penetrant tends to move into the polymer with a 
discontinuous concentration profile separating regions o f  swollen, concentration 
equilibrated and un-swollen, zero concentration polymer. The hygroelastic swelling 
is a result o f the macro-molecules o f the polymer rearranging to relieve the osmotic 
pressure o f  the penetrant.
Case I kinetics are typified by three traits:
(a) The weight uptake o f  diluent is initially linear with respect to the square root o f 
exposure time,
(b) diluent uptake (or loss) curves for samples o f differing thicknesses may be 
superimposed by plotting the fractional weight uptake o f the penetrant against the 
square root o f time divided by sample thickness, and
(c) when the rate o f transport is independent o f penetrant concentration the sorption and 
desorption kinetics are also super-imposable.
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Representative Case II sorption features reported for polymer samples below their glass 
transition temperature include:
(a) a step-like discontinuity o f penetrant concentration within the polymer from a glassy 
region to a plasticised swollen region with a relatively high diluent concentration,
(b) initially the discontinuity advances into the polymer with a constant velocity 
resulting in an initial linear uptake o f penetrant with respect to time for sheet-like 
specimens, and
(c) the linearity o f penetrant uptake ceases where there is a change in velocity o f the 
discontinuity.
Commonly sorption kinetics are reported which exhibit characteristics o f  both diffusion and 
relaxation controlled processes. Such sorption behaviour has been labelled anomalous 
diffusion and while Case I sorption is characterised by a continuously smooth concentration 
profile within the sample and Case II by a concentration discontinuity, anomalous diffusion 
is characterised by a continuous concentration wave moving into the polymer with decreasing 
rate and intensity [112]. With increasing reports o f transport phenomena that failed to 
conform to either Case I or Case II prediction, the anomalous results were qualitatively 
classified into groups o f similar uptake curve appearance by numerous authors [112, 113, 
114]. The groups used in this document are similar by name to those previously published 
but the mechanisms proposed to account for each groups appearance are not necessarily the 
same.
The mechanism o f penetrant uptake is controlled by the physical phenomena occurring within 
the system including; dissolution, polymer-penetrant interaction, diffusion, relaxation, swelling 
and stress build-up. As such, anomalous diffusion is not a separate process from the two 
limiting cases but a process controlled to varying degrees by both limiting mechanisms 
(diffusion and relaxation) as shown in Figure 22.
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Figure 22 Sorption kinetic uptake cun’es fo r  poly me r-penet rant systems, after /80 f
The uptake mechanism depends not only upon the polymer-penetrant system, but also upon 
the morphology o f the polymer (or composite), the penetrant activity and environmental 
factors such as temperature and external loading [115] so that a system may exhibit any o f 
the uptake profiles given the appropriate conditions as suggested in Figure 23.
P E N E T R A N T  A C T IV IT Y
Figure 23 Sorption kinetic processes for a polymer-penetrant system [115J.
Sorption kinetics 55
3.1.2 CASE I (FICKIAN DIFFUSION)
In 1855 Fick [116, 117] noted that both heat conduction and mass transport were processes 
controlled by the random motion o f particles. To quantify the transport process he then went 
on to propose that the analogy was such that the mathematical equation for heat conduction 
derived in 1822 by Fourier [118] could be adapted to predict the transport behaviour o f a 
system. That is, the rate o f mass transport (flux - F) is proportional to the concentration 
gradient parallel to the direction o f diffusion. This hypothesis provides Fields first law:
F„. = -O ~  (23)
dw
where the proportionality constant D is known as the diffusion coefficient and is negative to 
indicate that the direction o f transport is down the concentration gradient, i.e. from high to 
low concentration.
Fick's first law relates to a steady state process through the assumption that the concentration 
gradient remains constant with time. However, most practical sorption situations are non­
steady and the concentration gradient throughout the absorbing material will vary with time. 
The development o f the non-steady transport equation is a simple first principles problem 
adequately covered by [119], the one dimensional version o f  which (with constant diffusion 
coefficient) is considered as Fick's second law:
(24)
dt dw2
Concentration independent uptakes obeying Fick's second law are most often observed in 
polymer-penetrant systems in which there is negligible polymer swelling and either the 
environmental temperature or activity are low  (as suggested by Figure 23). Mensitieri et al 
[120] reported that the absorption o f methylene chloride vapour into poly-ether-ether-ketone 
(PEEK) is essentially Fickian at 36°C (PEEK Tg = 145°C) when the activity is low (a = 0.08, 
0.18). However, as the environmental activity is increased the transport mechanism becomes 
increasingly non-Fickian as the penetrant diffusion becomes coupled with polymer matrix 
relaxation. This experimental evidence o f Fickian diffusion in PEEK is common for weakly 
interacting penetrants or for more interacting penetrants at lower penetrant activities [121]. 
O f more relevance to this research are the mechanisms o f water sorption.
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Moisture uptake into amorphous polymers also shows Fickian uptake at low environmental 
water vapour activity levels {viz low environmental relative humidity) [122] however, above 
activities o f «0.6 anomalous uptakes have been observed [121] as shown in the variation 
between Figure 24 and Figure 25.
s / t / l  ( s 1/2.cm 1)
Figure 24 Water sorption into amorphous PEEK at an activity o f  0.35 [121 j:
line is Fickian approximation
J t f L  ( s 1/2.cm_1)
Figure 25 Water sorption into amorphous PEEK at an activity o f  0.87 [121]:
line is Fickian approximation
Numerous investigations have been conducted on a variety o f epoxy resins to determine 
moisture uptake mechanisms. Typically they show Fickian uptake for water vapour in 
conditions o f low penetrant activity [80, 82, 123, 124, 125, 126]. In these same conditions 
the desorption curves are super-imposable on conjugate sorption uptake/loss curves [124],
Sorption kinetics 57
However an increase in either environmental moisture activity or temperature can cause the 
superposition to exhibit separate uptake/loss curves as shown in Figure 26 for an activity o f 
0.80.
Figure 26 Moisture sorption (O ) and desorption (€ )) in as cast samples:
a -  0.60 and 0.80 [124]
Figure 27 Moisture sorption (Q ) and desorption (% ) in previously soaked sample:
a = 0.80 [124]
In some situations this failure o f one o f the basic principles o f concentration independent Case 
I uptake may be explained by an effective concentration dependence o f the Fickian diffusion 
coefficient. Equally so, the result may also be attributed to the formation o f micro-voids 
within the polymer network during the uptake phase as proposed in a variety o f the models 
used to predict sorption equilibria characteristics. Apicella [124] verified that this latter
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mechanism is in fact possible by pre-conditioning an epoxy sample to equilibrium in an 
environment o f moisture activity equal to 0.99 then observing subsequent uptake and loss 
curves at a lower activity level. These curves, unlike those o f Figure 26, were super- 
imposable as shown in Figure 27.
This anomalous diffusion mechanism is attributable to morphological changes in the polymer. 
Importantly it is the uptake curves that exhibit the anomalous behaviour as they are dependent 
upon the structural changes within the polymer as opposed to the desorption curves which 
remain ostensibly Fickian. M oy and Karasz [65] also observed this variation in uptake curves 
in epoxy samples immersed in water. Additionally they found that the desorption process, 
while Fickian, may fail to return the sample to the dry weight condition instead, a residual 
amount o f water may remain in the polymer network removable only by significantly higher 
temperature drying. M oy and Karasz suggest that this result is evidence o f strong epoxy­
water chemical interactions as proposed by various sorption-equilibria models.
Time (hours1y2)
Figure 28 Moisture uptake o f  glass and carbon fibres [132]
The addition o f fibres into the polymer has varying effects upon the moisture uptake and loss 
curves. The type o f fibre itself is critical as the sorption characteristics o f the fibre will 
inevitably affect the performance o f the composite. Moisture permeable fibres such as natural 
jute or sisal [84, 127, 128, 129] or manufactured aramid [85, 130, 131] provide epoxy matrix 
FRCs which commonly exhibit sorption characteristics well predicted by Fickian mechanics. 
O f more common use in structural applications are glass and carbon fibres which are similar 
to each other in that they exhibit a relatively low moisture uptake isotherm compared to
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common matrix polymers (see Figure 28) [132]. Many authors have investigated the moisture 
absorption behaviour o f composites with such moisture impermeable fibre reinforcement and 
generally attempt to force the results to fit Fickian predictions [57, 58, 87, 88, 89, 133, 134, 
135, 136, 137, 138, 139], In many o f  these reports the data may in fact be validly 
approximated by Fickian predictions in others however, the data is quite obviously non- 
Fickian and it is not satisfactory to use a model based upon incorrect hypotheses to predict 
the characteristics o f the material.
3.1.3 CASE 11 (RELAXATION CONTROLLED TRANSPORT)
The concept o f a second limiting penetrant uptake mechanism was first proposed by Alfrey 
in 1965 [140] when he labelled it Case II diffusion and identified the characteristic features 
o f it as presented in section 3.1.1. There had however, been several previous reports o f 
moving boundary phenomena and uptake directly proportional to time in the twenty years 
prior to Alfrey's naming o f the mechanism [140],
Since then Case II uptake has been observed in a variety o f polymer-penetrant systems such 
as methylene chloride into cellulose acetate [141] and epoxies [142], acetone into polystyrene 
[140] and benzene into epoxies [142] showing one or all o f the characteristics o f  Case II 
sorption such as the linear uptake plot o f  Figure 29.
t, MINUTES
Figure 29 Uptake o f  methylene chloride into epoxy resin [142]
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Observing that the Case II penetrant and swelling front moves into the polymer at a constant 
velocity, regardless o f the distance into the material, confirms that the kinetic mechanism is 
not diffusive. A  molecular diffusion mechanism would require a slowing o f the front as the 
distance into the material increased. The rate controlling mechanism must therefore be 
occurring at the front and is now generally accepted to be related to the relaxation o f  polymer 
molecular chains under the osmotic pressure o f the penetrant [143],
While the Case II mode o f sorption has been reported for specific polymer-penetrant systems 
by several workers, none have reported it as being the dominant mode for moisture sorption 
in glassy epoxies.
3.1.4 ANOMALOUS TRANSPORT
3.1.4.1 PO LYM ER-PENETRAN T INTERACTIO N  M ECHANISM S
Other workers have proposed a pseudo-Fickian classification for anomalous penetrant uptake 
[112] which has the characteristics o f  approaching equilibrium at a slower rate than that 
predicted by classical Case I theory. This slowing o f the uptake can be explained by differing 
models; through polymer-penetrant interactions (or micro-void filling) or through diffusion- 
relaxation coupling. The latter is discussed in a following section and the former here.
In section 2.2.2.1 it was proposed that sorption equilibria were affected by dual mode 
sorption; in which some penetrant molecules are diffused normally within the polymer whilst 
others are partially immobilised by interaction with the polymer or other polymer molecules. 
I f  such a dual mode may be expected from the equilibrium standpoint then the kinetics would 
also be expected to exhibit some aspects o f the dual uptake mechanism. Examples o f  this 
slow approach to equilibrium are numerous in both polymers [80, 120, 144] and composites 
[58, 87, 145] as shown in Figure 24 and Figure 30.
The existence o f  the polymer-penetrant interactions has been mentioned previously with 
regard to the supporting evidence o f M oy and Karasz [65], Carter and Kilber [146] explain 
the non-Fickian behaviour in terms o f  a binding probability; i.e. the probability that a water 
molecule may interact with the polymer. They show that this probability is quite small in the
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temperature-activity region in which Fickian diffusion is expected and such anomalous 
diffusion occasionally seen. As such, the uptake mechanism is dominated by the Fickian 
diffusion until later stages o f the uptake where the ability o f the water to interact with the 
polymer becomes the dominant uptake mode, i f  somewhat slower than the initial Fickian 
uptake.
RootTtme (days*0)
Figure 30 Moisture uptake o f  a T800 924C unidirectional laminate 
immersed in boiling water [145]
A  similar argument is proposed by Diamant et al [147] where the probability o f polymer- 
penetrant interaction is examined in epoxy resins o f various cross-link density. They suggest 
that the degree o f cross-linking may have two effects on the moisture uptake; firstly the 
additional cross-linking may remove possible interaction sites and secondly the steric 
hinderance imposed by the additional linking makes access to some o f the sites more difficult 
thus slowing down the equilibration o f the polymer.
3.1.4.2 D IFFU SIO N-RELAXATIO N  COUPLED M ECHANISM S
3.1.4.2.1 Sample thickness effects
The form o f anomalous uptake in which both the sorption (and desorption) curves o f 
individual samples are well predicted by Fields laws but in which the predictions are not 
super-imposable for samples o f differing thicknesses has been described as being related to
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sample thickness effects. Early reports o f  such behaviour were made by Kishimoto and 
Matsumoto [148] for the sorption o f allyl chloride into poly vinyl acetate and later by Enscore 
cl al [149] and Vrentas cl al [150] for the uptake o f n-hexane into polystyrene and ethyl 
benzene into poly (ethyl methacrylate) respectively. Figure 31 shows typical uptake plots o f 
a polymer-penetrant system exhibiting sample size effects.
0 2 4 6
( t l / 2 /  X )  X 1 0  4 ( m i n ' / c m .  )
Figure 31 Absorption o f  allyl chloride into PVA al 40° C:
Relative uptake vs. allime divided by sample thickness [148]
The thickness o f a sample may have various effects upon the mechanisms o f transport present 
in the material. Some workers have proposed that the concentration o f penetrant in the outer 
layer o f the absorbing material is a time dependent quantity as opposed to ideal Fickian 
requirements o f an instantaneous step to the equilibrium value [151], I f  this is so, then the 
thinner the sample the more affected the uptake will be and the lower the uptake rate as 
shown in Figure 31. The assumption that the time dependency is limited to the outer layers 
is a little naive but does suggest that even i f  the entirety o f the sample has such a time 
dependent uptake, the thickness o f the sample will be a contributory factor to the profile o f 
the uptake curve.
Duda cl al [152] recognised that undesirable relaxation effects could occur in thin samples 
where the rate o f molecular diffusion is comparable to the relaxation time o f the polymer 
molecules and, quite rationally, it could be such a coupling that produces the thickness effects. 
Vrentas and Duda [153] defined a diffusion Deborah number (DEB) to explain the interaction 
o f the relative rates o f diffusion and polymer relaxation. DEB is defined as the ratio o f the
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characteristic relaxation time o f  the system ( X) to the characteristic diffusion time o f the 
process (0):
DEB = — (25)
0
I f  DEB is very much greater or less than one, the diffusion and relaxation processes are 
decoupled and i f  somewhere near unity, the two are coupled. In uncoupled conditions the 
uptake will be predominantly Fickian with either the relaxation process occurring very rapidly 
(relative to the diffusion process) prior to diffusion becoming the controlling feature or 
relaxation occurring slowly while diffusion is the dominant mechanism. However, i f  coupled, 
anomalous transport may be expected.
The sample thickness (h) may be related to the characteristic diffusion time by:
h20 = 5L (26)
D
where D is the penetrant diffusion coefficient. Thus DEB may be written as:
d e b  = —  (27)
h 2
showing that changes in the sample thickness have significant effects on the uptake 
mechanism.
3.1.4.2.2 Sigmoidal initial sorption
Sigmoidal initial sorption describes polymer-penetrant systems that exhibit an uptake curve 
with an inflection point when plotting mass uptake against the square root o f time. Long and 
Kokes [154] and Long and Richman [151] reported such a phenomena for a variety o f organic 
vapour penetrants into both polystyrene and cellulose acetate. Such behaviour is also quite 
common for epoxy systems absorbing moisture, especially those with an excess o f hardener 
[68, 79, 155], as shown in Figure 32.
This feature is quite critical for the determination o f diffusion coefficient constants as the 
change in curvature can result in remarkably lower diffusion coefficients being predicted from
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short term data compared to those o f intermediate term. Two separate explanations for this 
phenomenon exist, both with more than a modicum o f supporting experimental evidence. 
Apicella and Nicolais [79] observed that for TGDDM-DDS epoxy systems increasing the 
content o f DDS increased the magnitude o f the sigmoidal effects. They rationalised this by 
the steric effects that the additional DDS has on the mobility o f the polymer chain segments 
during cure. This then is supposed to result in an increased amount o f  molecular constituent 
species being trapped, un-reacted, within the polymer matrix, occupying network free volume 
and thus restricting the initial uptake o f moisture. Upon swelling the trapped species are free 
to travel through the network in a similar manner to the incoming moisture. Apicella and 
Nicolais [79] provide evidence that this may be a rational explanation by observing that after 
initial conditioning to moist equilibrium, there is an increasing mass loss upon drying o f the 
sample with increasing DDS content; argued by [79] to be part o f the un-reacted components 
initially trapped in the 'as-cast' network. Neogi [156] proposed that the sigmoidal response 
is related to the free volume o f the network, but does not require the presence o f the trapped 
un-reacted constituents. Rather, the actual process o f filling existing microvoids and having 
moisture pass beyond the voids is suggested (and mathematically shown to be possible) as 
a slowing mechanism, especially at low  concentrations o f penetrant. As the microvoids 
become filled the uptake rate increases to the true rate o f diffusion.
sqrt(sec)/cm
Figure 32 Gradual two stage uptake o f  moisture into epoxy resin with an initial sigmoidal uptake
period: a -  0.84 [68 ]
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3.1.4.2.3 Two stage sorption
Two stage sorption is the anomalous transport phenomenon most often reported in the 
literature. The process is essentially one in which the initial period o f  penetrant uptake is 
dominated by diffusion mechanisms and the second by relaxation. The initial uptake may be 
Fickian [126, 148, 157] or sigmoidal [68] and the second period stepped [80] or gradual [144] 
as summarised in Figure 32 and Figure 33.
vtyl x 0.001
Figure 33 Stepped two stage uptake o f  water into epoxy resin: data from [8 0 ]
The second penetrant uptake phase is explained by a fading out o f the diffusion dominant 
uptake and the increasing significance o f slower, relaxation controlled mechanisms. De W ilde 
and Shopov [68] have shown that the magnitude o f the second stage uptake is related to the 
environmental activity o f  the penetrant in work on moisture uptake into epoxies (see 
Figure 18).
It is at this point that the groupings start to overlap slightly. The slow approach to 
equilibrium described by the pseudo-Fickian group and the gradual second stage uptake have 
identical appearances, but are explained by different mechanisms. Consider the hypothetical 
data shown in Figure 34. This data could suggest that the uptake is pseudo-Fickian slowly 
approaching the upper curve or two stage with a gradual relaxation mechanism that becomes 
significant just as the initial (lower) Fickian uptake begins to loose dominance.
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Figure 34 Hypothetical uptake data
For this reason, the groupings are very much a qualitative approach aimed at separating the 
significant anomalous diffusion mechanisms within polymer-penetrant systems, but which 
must be understood so as not to eliminate one or more mechanisms from occurring in 
conjunction with the primary mechanism for the systems within that group.
3.1.4.2.4 Sorption overshoot
The fourth non-Fickian behaviour reported is that o f sorption overshoot. The discriminating 
feature o f  this behaviour is the increase o f absorbed penetrant above the final equilibrium 
content o f the sample as shown in the experimental results o f Urdahl and Peppas [158] for 
the uptake o f cyclohexane into polystyrene in Figure 35.
The mechanism by which penetrant can be absorbed and then desorbed with no change in 
atmospheric conditions has been attributed to two morphological phenomena. Originally 
polymer crystallisation was believed to be the controlling mechanism. As ordered regions o f 
polymer form they reject the penetrant initially absorbed into the region [159, 160, 161]. This 
may indeed be a mechanism that produces this phenomenon but overshoot has also been 
reported in materials which do not exhibit crystallisation [150, 158, 162]. Vrentas [150] 
proposed that the penetrant is absorbed into the sample before the polymer chains have time 
to relax, the structural re-arrangements o f the polymer as it eventually does relax, then lead
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to a rejection o f the penetrant from the sample. Urdahl and Peppas [158] concur with this 
idea and have shown that the magnitude o f the overshoot is related to both the amount o f 
polymer cross-linking and the sample thickness.
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Figure 35 Relative uptake o f  cyclohexane into polystyrene: data from  [158]
3.1.4.2.5 Super case II
The final example o f anomalous transport is that o f Super Case II sorption, first reported by 
Jaques et aI (as reported in [140]) working with the uptake o f n-hexane into polystyrene and 
polyphenylene oxide. The group is characterised by an accelerating uptake rate in the 
intermediate sorption period as shown in Figure 36.
This form o f  uptake may appear similar to that o f the sigmoidal group but it is separated by 
the requirement that the acceleration should occur in a sample with a more or less established 
linear uptake curve. An increase in slope from an initial induction period to a linear uptake 
curve is not considered as representative o f Super Case II performance [140], The effect is 
most often observed in very thin samples [163], Two different mechanisms have been used 
to explain this particular form o f uptake curve. The first relies on the effect o f the precursor 
overlap o f Case II sorption fronts approaching the centre o f a sample from opposite sides. 
The overlap results in an increase in diluent concentration uptake rate in the glassy centre o f 
the sample which may then result in an acceleration o f the fronts (and thus the uptake).
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Additionally the change in stress distributions as the fronts approach each other can also be 
used to explain the accelerated front movement and uptake.
T im e  (hours)
Figure 36 Relative uptake o f  n-hexane vapour into polystyrene: a = 0.775 j'140]
3.1.4.3 D AM AG E M ECHANISM S
Unlike the researchers involved in polymer sorption those investigating FRC moisture uptake 
have spent considerable effort proposing damage mechanisms as a source o f the non-Fickian 
behaviour o f composites at high external moisture activity or temperature. Primary amongst 
these explanations is the formation o f micro-cracks throughout the material upon moisture 
uptake, caused by the hygrothermal stresses present in the composite as a result o f  the 
differences between the water/temperature induced swelling o f the fibre and matrix phases. 
The cracks are supposed to provide:
(a) regions within, or on the surface of, the sorption samples in which additional 
moisture may be located; and/or
(b) material degradation from environmental exposure sufficient to result in loss o f 
sample material.
Sorption kinetics 69
The fact that these hygrothermal stresses exist 01* that they may cause cracking o f the material 
is not questioned. What is doubted is the proposal that such cracking is the primary cause 
o f non-Fickian uptake in composites. Zhou and Lucas [164, 165] propose a crack/m ass-1 oss 
model which predicts six forms o f non-Fickian uptake curve (Figure 37):
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Figure 37 Schematic diagrams o f  typical weight change profiles o f  
graphite/epoxy composites in water environment [ 165J
I f  no cracking occurs then the polymer-penetrant system would exhibit Fickian behaviour as 
shown in Figure 37(a). Should cracking occur after an initial (crack free) period o f time, 
increased moisture absorption is predicted as the water is trapped within the cracks, 
Figure 37(b). I f  the cracking process continues to the point where the cracking results in loss 
o f material (degradation) at a greater rate than moisture uptake a subsequent loss in sample 
weight would be observed, Figure 37(c). Figure 37(d) may be explained in one o f two ways; 
the first has a period o f  crack free Fickian uptake replaced by a period in which both moisture 
uptake (into both the matrix and cracks) and material loss due to degradation occur, with the 
latter being dominant and the second has the Fickian uptake reach equilibrium after which the 
material loss due to degradation occurs. Figure 37(e) and Figure 37(f) represent moisture 
uptake dominated cracking and material degradation dominated moisture uptake respectively 
and, according to Zhou and Lucas, generally occur only at higher temperatures.
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There is substantial evidence for the existence o f such mechanisms. Investigations into 
moisture induced damage in polymers [147, 166, 167] and composites [87, 164, 165, 168, 
169] all report surface cracking, outer layer peeling or general degradation o f the materials 
investigated. However, it is unlikely that such mechanisms are solely responsible for all 
forms o f anomalous composite sorption. The validity o f the model is easily examined by 
drying specimens that have exhibited anomalous behaviour such as that shown in 
Figure 37(c), (d ) or (f). I f  the post-conditioned dry-weight is less than the preconditioned dry 
weight then it would appear likely that there has been material loss (damaged matrix, fibre 
sizing, remnant solvent or un-reacted components from the matrix cure). I f  there is no 
subsequent material loss this explanation would appear invalid. Similarly examination o f the 
composite for micro-cracking would indicate the validity o f the model for samples exhibiting 
Figure 37(b), (c ) or (e ) profiles.
As polymer samples have been shown to produce curves o f the form o f Figure 37(b), (c ) and
(e) without exhibiting cracking a combination o f the interaction, diffusion-relaxation and 
damage mechanisms would provide the most descriptive, and most likely, model for the 
uptake mechanisms present in FRCs.
3.1.4.4 AN O M ALO U S TRANSPO RT IN  A  FRC
The preceding sections have discussed the numerous mechanisms proposed to explain 
anomalous sorption behaviour, primarily in polymers. When similar polymers have 
reinforcement added the most striking result, with regard to the sorption characteristics, is 
the significant reduction in magnitude o f any anomalous behaviour. In some cases the 
composite system may exhibit classical Case I uptake while the constituent resin is 
substantially non-Fickian. Marom [170] suggested an analogy with the thickness dependence 
o f diffusion-relaxation coupling as an explanation o f this feature. The path lengths between 
fibres is so small that the Deborah number for such a material would be substantially greater 
than one and the material would be then expected to tend towards a purely Fickian profile 
with a possible slow relaxation process completing the uptake to the materials true 
thermodynamic equilibrium. This theory is obviously only valid for impermeable fibres and 
should be understood only to provide the suggestion that the composites will favour diffusion 
controlled uptake and not eliminate relaxation or interaction type anomalies.
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While the polymer systems mentioned previously have exhibited numerous anomalous modes 
o f uptake, the literature available for impermeable fibre reinforced composites suggests that 
the most common form o f anomalous moisture uptake profile is that predicted by the 
polymer-penetrant interaction mechanism, two stage sorption or by the damage mechanisms 
described for Figure 37(e). A  large body o f data exists for such profiles in varying polymer 
based FRCs. PEEK [88], polyester [138, 171], vinylester [171], and most importantly for this 
research epoxies [55, 58, 86, 123, 134, 139, 145, 172, 173, 174] have all been shown to 
exhibit such an anomalous behaviour from the gradually equilibrating data o f [145] shown 
in Figure 30 to more pronounced two stage data similar to that o f [174] shown in Figure 38.
Certainly the presence o f the fibres increases the likelihood o f the damage mechanism 
approach being a significant contributor to the anomalous uptake. The fibres provide 
numerous surfaces for debonding and crack propagation and subsequent transport through 
these cracks or capillary flow  long the interface. But the presence o f a region surrounding 
the fibres o f low cross-link density and consequential higher than neat resin diffusion 
coefficient [175] and greater ability to relax under penetrant osmotic pressure also adds to the 
effects o f both interaction and relaxation mechanisms.
\/t (t in hours)
Figure 38 Uptake o f  moisture into T300/1014 FRC: data from  [174]
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3.2 MODELLING CASE I TRANSPORT
3.2.1 CASE 1 TRANSPORT IN ANISOTROPIC MATERIALS
As FRCs are typically anisotropic, any sorption model must be analysed with a full 
understanding o f the effect o f the anisotropy. Equations (23) and (24) are the basic Fickian 
equations for isotropic one dimensional diffusion. These need to expanded to allow an 
accurate assessment o f the relative contributions o f three dimensional diffusion to the sorption 
profile o f a FRC. To do this consider the flux through a unit element along the cartesian w 
axis. The contribution to Fw from the w-wise concentration gradient is given by a revised 
form o f equation (23):
-D  —  (28)W*M» 3 ' 7dw
Anisotropic materials may have different diffusion coefficients along different axes, and the 
concentration gradients along these axes may contribute to the flux along any other axis. This 
introduces the following terms which account for the contribution o f the u and v axis 
concentration gradients on the w  axis flux:
- o wu
a“ (29)
-D  —  
wv dv
thus the net value o f Fw can be expressed as:
F  -  -  D  —  -  D —  -  D —  (30)
W  W U  Q  W V  Q y  W W  '  '
and the flux along the other two axes may be expressed similarly.
The change o f concentration with respect to time may be equated to the three directional flux 
derivatives to gives the relationship:
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Introduce the following notation:
D uv D uw
[D ]  = D vu An,
a
P m
_d_
Dm
_3_
ww
a {« ,v ,w }. du dv dw
so that equation (31) may be expanded into the matrix form:
dc d
[D ]
d
dt a {« ,v ,w }. a {«,v ,w ]
The diffusion coefficient matrix [D] quantifies the effect o f three separate irreversible 
transport processes on each other. Onsager [176, 177] has developed a general reciprocal 
theorem applicable to irreversible processes in anisotropic media, in particular the heat 
conduction process, which as stated previously, is analogous to the diffusion process. The 
essence o f the theorem is that the diffusion coefficient matrix must be symmetrical provided 
"average regression o f fluctuations (displacement o f diluent species within the polymer) obeys 
the same laws as the corresponding macroscopic irreversible process" and that if, "... 'F and 
Q  be two quantities which depend on the configuration o f molecules and atoms, the event 
4/=T/,5 followed X seconds later by will occur just as often as the event £T=Q’, followed 
X seconds later by This becomes critical when simplifying equation (33) into terms
o f principal diffusion axes.
Accepting that the diffusion coefficient matrix is diagonal allows the Gram-Schmidt method 
to be applied to the general co-ordinates used to form the matrix to provide an orthonormal 
basis for the diffusion process [178]. By introducing a 3x3 matrix [P] that orthogonally 
diagonalises [D] and definition o f both a new co-ordinate system p and £ such that {£,p,C} 
=  (u ,v ,w }[P ] and a new diagonal Diffusion matrix [JD] =  [P ]l[D ][P ], equation (33) may be 
written as:
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dc
dt
_d_ _a_ _a_ 
a? a-n ac [5]
as
a
arj
a
ac J
(34)
and when expanded gives:
dc = _a_ d c }
dt a? ac a^
5  j £ )
3t1,
♦ A ( 5 „  i £ ]  sc I cc scj
(35)
which is the diffusion relationship for a general anisotropic material defined by orthogonal 
axes. The axes defined by p and £ and the diffusion coefficients along these axes are 
called the principal axes and principal diffusion coefficients respectively.
3.2.2 CONCENTRATION INDEPENDENT CASE I TRANSPORT IN ONE 
DIMENSION
Through prudent choice o f sample geometry Case I transport phenomena may be studied 
using a one dimensional form o f Fields second law. Consider a representative semi-infinite 
sample at constant temperature (T ) bounded by two planes (surfaces) perpendicular to the z- 
axis and o f infinite dimensions in the x and y directions. The two planes are separated by 
a distance h and each plane is exposed to identical moisture concentrations.
As the system is taken as infinite in the x and y directions penetrant concentration between 
the two surfaces may be assumed to vary only in the z direction. Thus equation (24) is valid 
and provided the diffusion coefficient may be assumed to be constant in the z direction may 
be rewritten as:
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The boundary conditions o f the generalised sorption process may be written as:
c (z ,f) = Cf 0 < z < h  at t = 0
c{z,t) -  cf  at z = 0 and z = h fo r  t > 0
(37)
The solution to the above problem is quite simple and well documented in Jost [179] for the 
two relevant situations; diffusion out o f a sample initially conditioned such that the initial 
penetrant concentration (c ;) is equal to the equilibrium concentration o f  the material for the 
given environment activity (cc) and the final penetrant concentration (cr) is zero:
4 c  ” 
c{z,t) = —
1 sin
*  ;=o (2/ + 1) V
f (2/ + 1 )n z L
-(2/ + 1}2Tt2£>./'
h2
I h )
(38)
and diffusion into a sample from zero penetrant concentration (Cj=0) to the equilibrium level
cr=c0:
M  = c‘ - ^ t j W 7 T ) sin
[r(2/ + 1 )ic « ]
-(27 + 1)2ti2Dz/'
I h j
(39)
These two solutions may be combined into one expression by considering the average diluent 
concentration within the system (ca) and expressing the variation o f this parameter in terms 
o f the relative change in average concentration (ca-Cj)/(cr C;). The resulting expression [179] 
is valid for diffusion into or out o f the semi-infinite system:
c„ -  c,
cf - c t
=  1 - 8 E
-(2/+i)V / y
(40)
where:
n
°a = 7  /
(41)
In experimental work it is difficult to measure penetrant content by concentration and as such, 
the more common approach is to measure the variation in mass o f diluent present in a system.
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The mass is related to the concentration level ca by the simple expression m=cah. Therefore 
equation (40) may be expressed as [180, 181]:
m -  m,
m,j -  mi
8
ti2j=o (2/ + 1)2
(42)
or
ni j -  m 
m, - mi —  En2j =o (2/ + 1)2
(43)
3.2.3 C O N C E N T R A T IO N  INDEPENDENT CASE I TR ANSPO R T  IN THREE  
DIM ENSIONS
When referring to Fickian behaviour in the previously cited experimental research, specimen 
dimensions or test conditions have generally been selected to support the use o f the ID  form 
o f Fick's second law. The inaccuracies that such an assumption lead to are sufficient, in some 
cases, to explain apparent anomalous transport behaviour through use o f the full 3D solution 
o f Fick's second law [182, 183, 184],
Z
Figure 39 Physical description o f  sorption sample
Consider the parallelepiped in Figure 39 defined by the region:
0 < x z f  
0 z y < g  
0 < z s h
(44 )
Sorption kinetics 77
Let c,(aj,t), a j= {x ,y,z}, j= l  ..3 be the solutions to the one dimensional diffusion problems:
d 2 C : d C :
D
J x 2 daj
I  = 1ZL 
d t
(45)
The solution o f equation (45) in the region defined by equation (44) may be written as [185]:
c = c1(fl1>f).c2(a2lf).c3(<fl3If) (46)
Thus Jost's [l 79] solution for one-dimensional concentration as a function o f time and 
position may be applied to the three-dimensional diffusion equation. In terms o f the sample 
moisture content the three-dimensional solution may be written as:
(47)
mf - m i p = 0 q=0 r = 0 { 2 p  + 1 Y (2^  + 1 I2 (2 r  + 1 )2
The effect o f the uptake through the edge surfaces o f the sample diminish as the sample 
dimensions approach the semi-infinite specimen adequately considered by the one-dimensional 
solution (see Figure 40).
y/t (vlir) (/hr)
Figure 40 The effect o f  differing sample dimensions on three dimensional uptake
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By using equation (47) Blikstad et til [183] demonstrated that in an isotropic material 
deviation from ideal ID uptake towards anomalous sorption could be explained due to 
transport o f  penetrant through the edges o f the sample (as shown in Figure 41 for a sample 
o f low edge length to thickness ratio). They also calculated that the one-dimensional solution 
would over-predict the diffusion coefficient in such a situation because o f its inability to 
account for the uptake o f moisture through the edges o f the sample (in the example o f 
Figure 41 the over-estimation is approximately 150%).
Square Root of Exposure Time (vhr)
Figure 41 The error in predicting three dimensional penetrant uptake 
w ith the one dimensional solution to Tick's second law
3.2.4 CO R R EC TIO N  FOR EDGE EFFECTS IN ONE D IM EN SIO N A L  CASE I 
TRANSPO RT
The one dimensional solution to Fick's second law is only valid provided there is negligible 
diffusion o f diluent through the edges o f the sample (assuming a parallelepiped sample). If  
this is not the case then either the full three dimensional solution to Fick's law or a correction 
factor for the one dimensional solution must be used to ensure accurate parameter estimation 
when fitting either o f the models to the sorption data.
Shen and Springer [89] have provided a correction function for homogeneous materials and 
multi-ply fibre reinforced composites in an attempt to account for additional edge sorption. 
This edge correction function has been used by numerous authors investigating the effect o f
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moisture on composites [63, 186] and is derived from the analogy between diffusion and heat 
flow  processes [187] and the assumption that the diffusion through all three pairs o f sample 
surfaces may be treated additively. For an anisotropic material the correction, derived from 
a purely geometric aspect, may be written as:
d 7
f
h Dx+ h. A  +  1z
Dz S \ DZ /
where D ,d is the through thickness (or z axis) diffusion coefficient that would be predicted 
from the uptake data o f a sample with dimensions fxgxh and axial diffusion coefficients o f 
Dx, Dy and Dz. This correction technique is valid provided that the assumptions behind it are 
recognised and applied; the important one being that this statement is valid only at a point 
where the penetrant being absorbed through a particular surface has no effect on the transport 
through any other surface, i.e. at t=0. As this only holds for extremely short exposure times 
the approach is generally inadequate for experimental use.
To overcome this time restriction Rothwell and Marshall [188] allow for interaction o f the 
various penetrant uptakes through the surfaces o f the sample to improve Shen and Springer's 
correction term to:
d  ~  D z
3 BMX 3 CMZ
A -  * 1
4A 5 A ‘ (49)
B = }±  + }± + ^  
f  g  f g f g
where M x is the moisture content below which the data may be assumed to be linearly related 
to the square root o f the exposure time.
Grayson [189] has found that even this improved correction is extremely dependent o f the 
value o f  M s and reports a different method for such edge corrections involving the reduction 
o f ’as-recorded’ uptake data to equivalent data o f an ideal one dimensional sample. Critically, 
the approach utilises the theoretical ratio o f one dimensional fractional penetrant content, 
equation (43), to three dimensional, equation (47), at each time corresponding to an 
experimental data point. The three dimensional data at these times are then multiplied by the 
ratio to effectively reduce them to idealised one dimensional data from which the one
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dimensional solution to Fields law is able to predict the true three dimensional through 
thickness diffusion coefficient Dz.
This approach is quite valid and accurate for all exposure times provided the final moisture 
content (m f) o f the sample is chosen to be identical for both the one and three dimensional 
models. A  situation where this may not be so occurs i f  a more rigorous approach is adopted 
to fitting equations (43) and (47) to the experimental data. Parameters provided in literature 
for Case I uptake should produce a theoretical approximation to experimental data with a 
minimum o f error. The manner by which the error is minimised is a reportable aspect o f the 
research and introduces a problem with Grayson’s correction model. For a given, slightly 
anomalous, set o f uptake data the value o f m,-(mc for uptake data) can either be chosen as the 
maximum value observed or determined by a parametric estimation process (e.g. least 
squares). The former method provides an equivalent mf for both one dimensional and three 
dimensional models and validates Grayson’s approach. The later and more appropriate 
estimation o f mf may result in values significantly different for the one and three dimensional 
models and invalidates Grayson's model.
3.2.5 CASE I TRANSPORT IN A FRC
3.2.5.1 PREDICTION OF DIFFUSION COEFFICIENTS IN  A  FRC
In a fibre reinforced composite the net uptake will depend upon the diffusion within both the 
resin and the fibres, on the equilibrium distribution o f diluent in both the resin and fibres and 
on the spatial arrangement and orientation o f the fibres within the resin [135]. In section
3.2.1 the concept o f material principal axes was introduced. The principal axes o f a 
unidirectional lamina o f fibre reinforced polymer are reasonably obvious: one axis in the
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direction o f the fibres the other two perpendicular to the fibres and are shown on a constituent 
fibre in Figure 42. Note that the two perpendicular axes rj and £ may point in any direction 
as long as they are perpendicular to the £ axis and each other. This comes from the 
observation that the diffusion coefficient must be the same in any direction perpendicular to 
the fibres simply through equivalent geometries.
In a laminate defined by the general cartesian coordinates x, y and z the orientation o f 
individual lamina fibres may be related to these general coordinates by the angles 0b <j), and 
v|/, {1=1..N } (where 1 indicates the respective lamina number and N the number o f laminae 
comprising the laminate):
Z
Figure 43 General fibre direction related to the laminate co-ordinates
Consideration o f the geometry shown in Figure 43 allows the diffusion coefficient in the 
cartesian directions to be written in terms o f the diffusion coefficient parallel (D n) and 
perpendicular (D 22) to a fibre.
Dx l = Z).,-, ,COS20 + D22 l COS2<j) + D22/COS2 i|r
Dy l  = DU I  COS2(j) + D22l COS20 + jD22,COS2t  (5 0 )
Dz l = D^^COS2^  + D22 lCOS2Q + ,COS2<j)
from Figure 43 it follows that:
cos2<j) + cos2i|/ = sin20 (51)
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Equation (51) allows the first expression in equation (50) to be simplified to:
Dx,i = D u , i  cos2e, + D22 l {C0S %  + cos2!};,)
= DUJ cos20, + D22 l sin20, (52)
I = 1.JV
where Dx , is the diffusion coefficient in the x direction o f the lamina 1, D u , the diffusion 
coefficient o f lamina 1 in the direction parallel to the fibres and D22, the diffusion coefficient 
perpendicular to the fibres.
The FRC diffusion coefficients in the x, y and z directions may be expressed by recognising 
that, in a sheet composite, Vj/= 90° and (j)= 90-0 and substituting these values into a thickness 
relative summation o f the lamina diffusion coefficients [89] to obtain:
Similarly:
DyJ = jD11t/ cos2cj), + sin2^ ,
Dz t = D-,^, COS2i|r, + D ^ ,  sin2;};,
/ = 1 ..N
(53)
(54 )
where h is the thickness o f the laminate and h, the thickness o f lamina 1.
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3.2.5.2 PREDICTION OF THE PRINCIPAL DIFFUSION COEFFICIENTS OF A 
L A M IN A
Typically the diffusion coefficient parallel to the fibres in a uni-directional lamina has been 
calculated by a rule o f mixtures formulation which, for penetrant impermeable fibres, reduces 
to [89, 170]:
£>„ = (1 -  (5 5)
where V, is the fibre volume fraction and Dp the diffusion coefficient o f the matrix polymer. 
This relationship is graphically shown in Figure 44.
Fibre volume fraction 
Figure 44 Principal diffusion coefficient models
Perpendicular to the fibres the diffusion coefficient also varies with fibre volume fraction, but 
in a more complex manner. This direction is probably the most critical o f the two because 
FRCs are commonly used in sheet form. O f the many models used to predict the through 
thickness diffusion coefficient most have been determined through the analogies between heat 
[89, 170, 190] or electrical conduction [175] or from numerical methods such as Alternating 
Direction Implicit (A D I) integration [135] or Finite Element Analysis (FE A ) [191, 192, 193], 
For impermeable fibres all approaches predict a reduction in D22 with increasing fibre volume 
fraction. Generally the models predict D22 to vary with an expression somewhere between 
linear relationships with Vv, [89] or V, [83] as shown in Figure 44.
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Many approaches have also investigated physical parameters to determine their effect (in 
conjunction with V r) upon the diffusion coefficient. Woo and Piggott [175] have identified 
that the void content o f the matrix and the interphase region surrounding the fibres can 
provide significant differences in the value o f D22. Unfortunately none o f the equations that 
they present correspond to the relationships that their figures describe; however, they suggest 
that the non-dimensional ratio tivD iv/rDp may be used to assess the significance o f such effects 
(where tiv is an effective thickness o f void or interphase with a corresponding diffusion 
coefficient o f  Div,). W oo and Piggott [175] also acknowledges the difficulty in determining 
the value o f D iv, suggesting 10Dp for the interphase and 15Dp for the voids. The general 
trend thus, for the effect o f either o f these two physical parameters, is to increase the 
predicted value o f D22 for a given V r.
The majority o f  predictions relating D22 to V f are based upon models with regular fibre 
distributions. Examination o f any typical FRC cross-section shows that this is not the case 
and that the distribution o f  fibres is essentially random within a lamina, leading to regions o f 
higher and lower than average localised fibre volume fraction. Kondo and Talci [193] 
attempted to account for such an irregularity by including a region o f zero fibre volume 
fraction within a regular fibre distribution. This approach, while valid for considering resin 
rich regions dispersed within a regular packed fibre array, fails to account for the effects o f  
a randomly orientated fibre distribution. Equally so in a FRC, consolidated from pre-preg, 
it is more common to see thin layers o f resin separating the laminae o f randomly distributed 
fibres. The region is a result o f the resin being unable to disperse through the fibre 
distribution during cure due to the increased impermeability o f the fibre regions as the fibres 
pack together during consolidation. It is expected that such layers will have an effect on the 
relationship between D22 and the bulk sample fibre volume fraction.
In all models previously discussed, the fibres have been assumed to be cylindrical. Aditya 
and Sinha [194] have shown that i f  this is not the case then the value o f  D22 may increase (for 
elliptical fibre cross-sections with their major axes aligned to the direction o f diffusion) or 
decrease (for elliptical fibre cross-sections with their minor axes aligned to the direction o f 
diffusion) depending upon the orientation o f the fibres. They also investigated the effect 
actual fibre shapes have [195] on the value o f D22 suggesting reductions up to 15% from that 
predicted by circular cross-section fibres. Realistically, the fibre cross sectional variation
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throughout a sample will not have such a significant effect but may be expected to result in 
a slight reduction o f D22 due to diffusion path obstruction.
3.3 MODELLING ANOMALOUS TRANSPORT
3.3.1 OVERVIEW OF MATHEMATICAL MODELS
In his review on the sorption and transport o f penetrants within glassy polymers Frisch [196] 
explains that there are four principal levels at which the transport process may be modelled:
(a) Molecular, statistical-dynamical theory would provide the most detailed model o f the 
process and would immediately explain the effects o f chemical composition and 
polymer architecture,
(b) a similar level o f detail may be achieved through macroscopic field theory involving 
energy, momentum, mass and chemical concentration balances and explanation o f 
concurrent interface, crazing and boundary processes, micro-fracture and polymer 
reorientation e/c.,
(c ) well below the complexity o f  the previous levels, a partial continuum theory based 
model may provide good approximations to particular aspects o f non-Fickian 
transport, and finally
(d) purely empirical relationships may be used to provide summarised information on 
the process.
Frisch [196] recognises that the first two levels are at a complexity that contemporary 
modelling has yet to achieve and that there are significant shortcomings with (c ) due to the 
models developed under this level being extremely specific for the mechanisms proposed to 
account for the transport process. The empirical approach, while less rigorous, is able to 
supply information on how physical parameters affect the transport process and can be 
achieved through simple alteration o f the Fickian laws [197, 198] or through fractional break­
up o f the uptake into a combination o f  the diffusion and relaxation contributions [66, 67], 
The development o f anomalous transport models will be briefly discussed with emphasis 
towards the empirical approaches to be utilised in the accompanying experimental program.
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3.3.2 INTERACTING POLYMER-PENETRANT SYSTEM TRANSPORT
3.3.2.1 D U AL SORPTION M ODEL KINETICS
As discussed in Chapter 2 the sorption o f penetrant into a polymer in which there is expected 
to be a chemical interaction between the two is predicted, with certain limitations, by the 
Flory-Huggins theorem. I f  there also exist sites upon which, or into which the penetrant may 
'adsorb' then the sorption process may be estimated by the Dual Sorption model. In such 
systems it is also realistic to expect the kinetics to be affected by the dual uptake 
mechanisms.
Vieth and Sladelc [197] produced the first dedicated attempt to correlate the kinetics to the 
sorption expressions o f Barrer ei al [102], Their derivation was based upon a series o f 
postulates [103]:
(a) two concurrent modes o f  penetrant sorption are operative in a micro-heterogeneous 
medium,
(b) the first mode o f sorption is dissolution o f mobile species according to Henry's law,
(c ) the second mode o f sorption occurs by immobilisation at a fixed number o f sites 
within the medium and can be represented by a non-linear Langmuir expression,
(d ) local equilibrium between mobile and immobilised species is always maintained,
(e ) transport o f  the mobile species is by concentration gradient driven diffusion,
(f ) penetrant sorbed by the second mode is completely immobilised, and
(g ) the diffusion coefficient is constant.
Fick's second law may then be rewritten according to the above postulates and the knowledge 
that the total penetrant concentration is comprised o f mobile and immobilised species:
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and as the concentration o f mobile and immobile species is in equilibrium
C L  b j l  CDCL = (57)
k + b, c,
which allows equation (56) to be rewritten as:
dt w dz
where:
D
dC°  - ( 5 8 )
n = ________1£
U‘I 1 + kbLCL (59)
(k + bLcDf
Upper and lower boundaries for Dcff are thus obtained for low concentrations:
D n
,  bLCL <60>
1  +  —  ---
and high concentrations:
Deff -  D d (61)
While equation (58) is o f  the same form as Fick's second law its solution in not as simple due 
to the dependence o f Dcff on cD. However, a Boltzman transformation will reduce the 
equation to an ordinary differential equation [197] although most workers prefer to utilise the 
most appropriate limiting expression for Deft and the previously developed solution for Fick's 
second law [80],
3.3.2.2 MORE RIGOROUS SOLUTIONS TO THE D U AL SORPTION MODEL
The limitations o f the approach o f [197] are obvious through the numerous postulates 
accompanying it. O f the eight, only (a) is physically rigorous (as the primary assumption 
behind the theory) with (e ) and (g ) being empirically acceptable in non-swelling systems. 
Section 2.2.1.2 has shown that (b ) is simply a limiting case o f the Flory-Huggins theory and
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is really only applicable in polymer-penetrant systems with little or no interaction between 
polymer and penetrant molecules o f equal size. The same section also discussed the 
likelihood o f a varying number o f interaction sites due to polymer relaxation, although the 
Langmuir expression was thought to be an acceptable expression to account for this effect in 
postulate (c). Postulate (d) is an obvious simplification o f the kinetics process, overcome by 
considering a first order reversible reaction that expresses the change in concentration o f 
bound molecules with respect to time in terms o f a probability that free molecules become 
bound (P L) and bound molecules free (PD):
Simultaneous solution o f equations (58) and (62) allow penetrant molecules to move to and 
from binding sites but once bound they are still restricted from contributing to the flux.
Petropoulos [199] noted that there is no justification a priori to postulate (f). The motion o f 
the bound diluent molecules may only be impaired not necessarily completely restricted. 
Remembering that the revised Dual Sorption model links the hydrogen bonded and 
surface/micro-void adsorbed components o f  diluent, there exists the very real possibility o f 
convective transport o f such molecules [200], especially through the latter o f  the two 
locations. The difficulty with including DL is that no real physical meaning may be attributed 
to it. It may represent contributions o f transport from the hydrogen bonds, through micro­
voids, along an 'adsorbed' surface etc. and is also directly linked to any lack in equilibrium 
between cD and cL. Reported values for transport through such defects include [175] which 
suggests the transport through micro-voids could be up to ten times faster than through the 
polymer network while other workers [156] report DL being ten times less than D d.
Removing all the postulates bar (a) and (e ) allows the dual sorption kinetics to be written 
either as two simultaneous differential equations:
(62 )
d(cD + cL) _ d f n dcD
dt dz \ dz , (63 )
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or a single, more complex one:
cD + cL 
dt dz
D,
dcD
dz
+ D,
dcL
dz t
(64)
The classical conflict between rigour and ’solvability’ arise at this point with the solution o f 
these equations only achievable through numerical means [80]. However, i f  the diffusion 
coefficient o f the mobile penetrant molecules may assumed to be constant then a solution for 
equation (63) exists [146, 201]. Carter and Kilber [146] provide the full derivation to show 
that for an initially dry sample the penetrant uptake may be predicted by:
m rJe 8D dP d E   -j _ JL y' 4j e  1
me n2 j=o (2 j  + l f (qj - r j )  h2(P L + P D) f~o («/ - * })
(65)
where
2?,
2 0
f  ~2Ti D
ir
P (2n  + -\f + PL +PD
(66 )
I n
' E ^ ( 2 «  + l f +pt+pD| - 4 ^ p fl(2n + 1)2 
h* h*
and for the realistic condition o f PD and PL being much less than (7i2DD)/(h2) this simplifies 
to:
m
=  1 - I
8 P r (67)
Pl - P d " 2(P L + Pd ) J =0 (2/+ 1 )£
which both [87] and [146] have shown to be excellent approximations to pseudo-Fickian 
uptake data in glass and carbon FRCs. The important aspect o f the experimental fit is that 
the values obtained for Dd, Pd and PL remain constant over an environmental humidity range 
o f 0.45 to 1.0 while a slight rise is seen to occur in the latter two parameters with increasing 
temperature. This is consistent with the idea that certain sites are inaccessible at lower 
temperatures and become increasingly available as the temperature rises and should not be 
confused with the activation energy effects associated with the diffusion coefficient. This 
model appears to provide the most rigorous and yet easily manageable solution to the Dual 
Sorption model.
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3.3.3 DIFFUSION-RELAXATION COUPLED TRANSPORT
3.3.3.1 M O LEC U LAR  R E LA X A T IO N  FROM EM PIR ICAL EXPRESSIONS
3.3.3.1.1 Alteration o f  Fickian expression to account for relaxation
Crank and Park [202, 203] first suggested two relaxation mechanisms through which a 
penetrant-polymer system may exhibit non-Fickian diffusion characteristics:
(a) Slow structural changes in the polymer, i.e. molecular relaxation, assumed to affect 
the diffusion coefficient over time according to;
+ a.(De- D )  (68)
where D; is the part o f  D, at the position x, which changes instantaneously, De is the 
equilibrium value and a  is the rate parameter.
(b) Differential swelling stresses between the swollen and un-swollen polymer regions 
which result in differing (but constant) diffusion coefficients in the two regions.
( ® l  = ( dDi (d c '
U I I dc [ d t ,
The first o f  the two approaches fails to account for the step like appearance o f some two- 
stage sorption. To overcome this Long and Richman [151, 204] proposed that the 
concentration in the surface layer o f the polymer increased with time from some initial value 
to the equilibrium value. This approach was an extension o f that proposed by Crank and Park 
[2 0 2 ] who had investigated the effects o f  a surface concentration profile that varied from zero 
to an equilibrium level upon exposure o f the sample to the environment o f the diluent. While 
these models may approximate some sorption phenomena, such as the two-stage uptake, it is 
difficult to support the theory that only the outer layer has such a time dependent relaxation 
process as opposed to the entire polymer. The significance o f these models comes from the 
choice o f affecting the concentration profile as opposed to the diffusion coefficient through 
the relationship (or similar):
= c; + ( c e ~c«)(1 ~€~P') (69>
where cs is the surface concentration at time t, Cj the initial surface concentration, cc the 
equilibrium concentration qnd p the characteristic relaxation frequency o f the polymer. De
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Wilde and Frolkovic [205] have extended such variable vapour boundary condition models 
by considering the rate o f penetrant transport across the surface to be proportional to the 
difference between the actual penetrant concentration on the surface o f the polymer and that 
which it reaches at equilibrium. Even though such considerations show that boundary 
conditions may affect the uptake curves, the models remain unsound by assuming a time-lag 
effect only on the outer surface o f the absorbing material.
Petropoulos and Roussis [206, 207, 208] provided the next extension to molecular relaxation 
theories by considering a time/concentration dependent relaxation process throughout the 
entire polymer. This model considers the chemical potential gradient o f  the penetrant within 
the polymer to obtain a more rigorous version o f the basic diffusion equation:
where S (=  c/a) is the thermodynamic solubility o f  the penetrant and a is the activity o f  the 
penetrant within the polymer. The time/concentration dependency is developed from an 
extension o f the proposal o f Long and Richman [151]:
These simultaneous equations when solved with appropriately selected functions for D and 
(3 (steep increases with increase in concentration) were found to exhibit the basic 
characteristics o f both anomalous and Case II diffusion [140],
Petropoulos and Roussis also examined the transverse stress theorem [209] with a model 
based upon an extension o f the initial work o f Crank [203]. The polymer is modelled as a 
linear viscoelastic medium in which the stress induced by swelling is determined at the onset 
o f swelling by an initial polymer elastic modulus which decays exponentially to a final 
equilibrium value. The stress function (a (x ,t)) within the polymer is then obtained by solving 
the constitutive model o f the polymer to which the variation in diffusion coefficient and 
solubility are related by:
(70)
D { c to )  = D ( 0 , 0 ) e {kiC+kzC) 
S(c ,a )  = S (0 ,0 )e ( v  + v >
(72 )
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These equations are solved simultaneously with equation (70) and can result in linear 
sorption-time curves. The results o f  this model demonstrate that the presence o f a transverse 
swelling stress can cause significant deviation from Case I kinetics but appears to suggest that 
it is best suited to predicting Super Case II behaviour. Polishchuk el aI [210] have combined 
both models o f  Petropoulos and Roussis [211, 212] to obtain a model for the simultaneous 
transport o f water and low molecular weight solute in a swelling polymer.
3.3.3.1.2 Superposition o f Fickian and relaxation effects
The net penetrant uptake may be empirically separated into two parts; a Fickian diffusion 
controlled uptake (m D) and a polymer relaxation controlled uptake (m R):
m (t) = mD( t ) + mR(t )  (73)
mD is calculated from equation (43) while Berens and Hopfenberg [66, 144] assume the 
relaxation process to be first order in the concentration difference which drives the relaxation 
process:
dmR
dt
= Q ('««,< ~™r) (74)
where Q. is the relaxation rate constant (equal to the reciprocal o f the characteristic relaxation 
time X) and mR c is the equilibrium amount o f uptake due to the relaxation process. 
Integration o f equation (74) gives:
mR =  m R , e ( 1 ( 7 6 )
To account for the various viscoelastic processes within the polymer, each with their own 
relaxation time, the more general expression of:
= E  (WJ?,4. ( 1 - e ~ 0,‘ ) (76)
was proposed by [66]. When fitting this model to experimental data no more than two 
relaxation processes were required to obtain an acceptable fit and generally one was 
acceptable. Mensitieri el al [80] has shown equation (73) to be a good fit to data for water 
uptake into PEEK and epoxy polymers, especially at higher activities as shown in Figure 45.
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Figure 45 Water vapour uptake in PEEK, j  121] with [66] modeI line o f  best fit
Joshi and Astarita [67] have developed a more rigorous version o f this superposition model 
relying upon the sufficiency o f only one internal state variable (Q ):
This model allows for coupling o f the diffusion and relaxation processes (DEB «  1) however 
if, as assumed normally, the characteristic diffusion time is much less than the relaxation time 
DEB » 1 and equation (77) reduces to that o f [66] with one relaxation parameter. De W ilde 
and Shopov [68] successfully adapted Berens and Hopfenberg's model to predict two stage 
uptake with initial sigmoidal behaviour by adopting the proposed surface concentration 
boundary condition o f Long and Richman [151] for determination o f  mD (although the 
previously stated concerns remain with the use o f  this boundary condition).
It is interesting to note here the similarity between the solution obtained for the diffusion 
process using the Dual Mode sorption model (equation (67)) and that o f Berens and 
Hopfenberg shown above. Both have a Case I component combined with a reducing 
exponential controlled by some rate constant. The fact that Berens and Hopfenberg have 
shown that at times two rate constants are required to model uptake data may suggest that in 
these systems, at the respective conditions, the two rate constants are separate contributions 
from relaxation and polymer-penetrant interaction. For samples that only require one rate 
parameter, either the rate parameters for both processes are similar or, only one mechanism
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results in significant uptake. This would suggest the use o f a combined Dual Mode and 
relaxation superposition model replacing mD with equation (67) [196],
3.3.3.2 M O LECU LAR R E LA X A TIO N  FROM PH YSICAL PHENOM ENA
In an attempt to correlate Fickian predictions to the phenomenological behaviour o f case II 
diffusion Peterlin [213, 214, 215] included a corrective term related to the velocity o f the 
penetrant front (v):
dc = D \d2c ] W - l (78)dt , dy21 I d t)
where y is a moving axis with its origin located at the penetrant discontinuity (see Figure 46).
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Figure 46 Concentration profile as defined by the model o f  Peterlin [213], after /214/
The polymer was assumed to remain un-swollen until a critical diluent concentration level (cc) 
was attained upon which the polymer swelled rapidly to allow the equilibrium concentration 
to be reached in a relatively short time. The initial solution o f Peterlin included a penetrant 
front moving at uniform velocity into a semi-infinite material o f infinite thickness to trivially 
meet the requirements o f Case II sorption. The front represented an instantaneous change in 
concentration within the polymer from cc to ce and a similarly instantaneous change from 
un-swollen to swollen polymer. In front o f the advancing diluent discontinuity the polymer 
sorption characteristics were assumed to be Fickian.
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Frisch et ctl. [216, 217] attempted to provide a molecular explanation for a similar form o f 
solution in terms o f the chemical potential o f the penetrant. Normal molecular diffusion 
(Fickian) is accepted to occur in materials absent from any external forces due to an isopiestic 
gradient o f chemical potential. Unlike Peterlin though, Frisch proposed a physical process 
to explain the transport o f penetrant through the swollen region (which according to both 
theories has effectively no concentration gradient and thus, could not be expected to exhibit 
Fickian diffusion). Frisch proposed that the diluent transport must be as a result o f  an 
internally varying stress which creates a chemical potential gradient. In the conditions o f 
Case II diffusion such stresses may be created by non-instantaneous relaxations within the 
swollen polymer. Thermodynamic consideration o f the theory developed an expression for 
the concentration o f the diluent in the polymer as a function o f  the diffusion coefficient, the 
mobility o f the penetrant (B ) and a dimensionless proportionality factor between the partial 
stress o f the diluent and its total uptake into the polymer (a ):
dc = d_ 
dt dx
dcD (c ,x ,t ) —  -  B (c ,x ,t )a c
dr
(79)
The two terms within the brackets are derived from the chemical potential and the partial 
stress gradients respectively. Case II diffusion characteristics are developed i f  the stress 
gradient dominates and B remains constant [217].
Astarita & Sarti [218] introduced a kinetic expression for the front velocity in the form o f a 
power law with an exponent limited to the range 0 .5-1.0:
V = K (c - c A n c> c
v c} c (80)
7  = 0 c<cc
The diffusion coefficient was set to a constant non-zero value in the swollen polymer and 
assumed negligible (in comparison) in the glassy region. From this formulation the front 
velocity and weight gain do initially show linearity with time eventually tapering o f  to a Vt 
proportionality as the diffusion o f penetrant through the swollen polymer becomes the rate 
controlling process.
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Certain aspects o f the model were re-examined by Sarti [219] including:
(a) the consideration o f zero diffusion coefficient in the non-swollen polymer and 
constant diffusion coefficient in the swollen polymer,
(b) the lack o f physical basis for the form o f the advancing front kinetic expressions,
(c ) the lack o f convective terms in the transport equations, and
(d) the assumption that the solvent-polymer interface at the front was instantaneously 
equilibrated.
Primarily the re-examination led to development o f an expression for the kinetics o f the 
swelling front. Through simple thermodynamic analysis Sarti showed that an osmotic stress 
must be present in the un-swollen polymer to ensure that the chemical potential either side 
o f the front is equilibrated. Sarti reasoned that as the activation energy for the initial front 
velocity is not o f the correct order o f magnitude for a diffusion process the rate controlling 
process o f the front may be crazing o f the polymer in response to the diluent osmotic stresses, 
a process which was found to have a similar activation energy. What Sarti termed as crazing 
is better explained as penetrant osmotic pressure induced micro-damage which affects the 
visual appearance or optical properties o f the material. By observation o f the rate o f 
formation o f the micro-damage in the polymer under tensile loading Sarti determined the 
expected rate for a given osmotic stress and hence the diluent front velocity determined. This 
model has since been slightly modified [2 2 0 ] and shown to be quite accurate in predicting 
actual experimental Case II characteristics in polystyrene [221] but is o f use only in polymer- 
penetrant systems that exhibit this form o f micro-damage.
Thomas and Windle [143, 222, 223] recognised that for the penetrant front to have a constant 
velocity the rate controlling mechanism must occur at the front itself. They considered a 
small region immediately ahead o f the front. As a few  diluent molecules enter this region 
they plasticise the polymer, which swells under the influence o f the osmotic pressure o f the 
diluent, creating more free space for additional molecules to enter and cause the viscous creep 
o f the polymer to occur more rapidly. This self accelerating process results in the diluent 
concentration immediately in front o f  the discontinuity approaching equilibrium faster than 
diluent molecules can move past it. The mathematics o f the model couples the viscoelastic 
response o f the polymer to the osmotic pressure o f the penetrant and the basic Case I
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diffusion expression. The viscoelastic response is o f the form:
where v is the penetrant fractional concentration, P the osmotic pressure and rj the glassy 
polymer viscosity. This theory accounts for additional aspects o f Case II sorption i.e. an 
apparent slowing o f the front at prolonged exposure times in thicker samples [224]. However, 
because o f the high non-linearity and hyperbolic form o f the model, solution is difficult even 
with the revised finite difference approach o f Wu and Peppas [225, 226]
Durning [227] refined the Thomas and Windle model by re-evaluating the constitutive 
equation for the viscoelastic behaviour o f the polymer-penetrant system with a more physical 
basis. In this revised formulation the diffusion coefficient varies with penetrant concentration 
as suggested by Vrentas and Duda [228, 229], Kuipers and Beenackers [230] utilised the 
initial work o f Sarti [218] to model non-Fickian diffusion with chemical reaction in glassy 
swelling polymers while Lasky el aI [231, 232] investigated the model o f Thomas and Windle 
both theoretically and experimentally to find that:
(a) there is a penetrant concentration below which Case II sorption will not occur,
(b ) the surface concentration may in fact be time dependent, and
(c ) the front velocity is proportional to the square root o f the ratio o f  penetrant diffusion 
coefficient and viscosity o f  the glassy polymer.
None o f  the previous models were successful in predicting the overshoot phenomena and it 
was not until molecular relaxation effects were included in the mass flux expression that 
predictive models for this phenomenon were available [113]. In these models the mass flux 
is expressed in terms o f a relaxation weighted potential function; the form o f the relaxation 
function being the significant difference between the models [ 1 1 2 ].
The overshoot phenomena has been occasionally linked with a penetrant induced 
crystallisation o f the polymer. Durning and Russell [233, 234, 235] proposed and applied a 
model for diffusion with induced crystallisation to account for the three processes of: non- 
Fickian uptake, growth o f crystallites and the formation o f microvoids in the polymer. The 
model imposes the presence o f a moving discontinuity similar to Peterlin’s unlike the revised
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approach o f Kalospiros el a! [114] in which the discontinuity is an integral part o f the 
mathematics describing the model.
3.4 S U M M A R Y  O F S O R P T IO N  M E C H A N IS M S
The kinetics and equilibrium o f a sorption process are inextricably linked as for a penetrant 
to be transported through a region it must also be able to absorbed within it. Consequently, 
the locations in which water may be found in a FRC are each associated with at least one 
transport mechanism. The combination o f this chapter and the previous chapter shows that 
a FRC would be expected to exhibit many mechanisms o f moisture transport into many 
locations/states within the matrix. The matrix w ill possibly have moisture:
(a) diffused within the original microstructure as isolated molecules or clustered groups,
(b) diffused into an expanded (swollen) region o f the microstructure,
(c ) sorbed into micro-voids (both those existing before sorption and those caused by 
matrix swelling) in mono or multiple layers,
(d) sorbed into preferential locations caused by either reduced cross link density (and 
hence larger free volume) or polar interaction sites on the polymer molecular chains,
(e ) sorbed into micro-damage caused within the polymer due to moisture sorption (eg. 
fibre/matrix interface debonding) and/or
(f )  adsorbed into/onto surface micro-damage.
The rate at which the moisture moves through the FRC is then associated with these sites 
with the transport o f moisture occuring due to any o f the following:
(a) concentration gradient driven diffusion (both concentration dependent and 
independent);
(b) matrix relaxation controlled diffusion;
(c ) edge diffusion due to either o f the above effects;
(d) in samples with external cracks or enhanced diffusion regions near the surface, 
additional diffusion through these new surfaces;
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(e ) the exchange o f moisture molecules from bound to free (and vice versa) conditions 
and/or
(f )  enhanced diffusion through regions such as the fibre matrix interface and/or
micro-voids.
The moisture sorption process may also cause, and in turn be affected by, damage to the FRC. 
The damage could be caused by maximum hygrothermal stresses or by repeated cycling o f 
the hygrothermal stresses. The forms o f damage that may be expected to affect the sorption 
characteristics o f the FRC include:
(a) matrix degradation,
(b ) surface cracking and
(c ) interfacial debonding between fibres and the matrix.
Figure 47 represents all the mentioned mechanisms in a generic FRC.
Moisture diffused 
within the unswollen 
matrix network
Swollen matrix region 
ordinarily diffused moisture 
and additional moisture in 
the expanded network
Moisture sorbed into 
micro-voids within the 
matrix network 
Moisture bound to 
interaction sites in the 
matrix polymer
Moisture diffusing 
through material due to 
concentration gradient
Fibres
Moisture sorbed in 
fibre/matrix interface 
- also an enhanced 
diffusion region
Moisture concentration 
distribution
Moisture induced 
matrix degradation
Moisture induced cracking with 
possible material loss - also 
moisture adsorbed into crack tip
Figure 47 Summary' o f  moisture sorption locations and mechanisms
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4 THE EFFECT OF HYGROTHERMAL AGEING
ON DURABILITY AND REPAIR OF FRCs
4.1 M EC H AN ISM S O F H Y G R O T H E R M A L  AG E ING  IN P O LY M E R S  AN D  FRCs
4.1.1 IN T R O D U C T IO N
The term hygrothermal ageing refers to the combined effects o f moisture and temperature 
upon, in the context o f this research, polymers and polymeric FRCs. The effect o f such 
ageing on the mechanical properties o f these materials must be investigated as part o f any 
research into the repair o f FRCs as in-service components will inevitably contain some 
moisture sorbed from the atmosphere. Grumman Aerospace Corporation have reported 
moisture contents o f up to 1 % by weight within glass fibre reinforced epoxy components o f 
their aircraft [236] while the Australian Aeronautical and Materials Research Laboratories 
have found moisture levels o f  around 0.7% in carbon/epoxy aircraft components [237]. Even 
this relatively small amount o f penetrant water becomes critical to the mechanical 
performance and repair o f FRCs in the operating environment o f modem aviation. Martin and 
Campion [238] report that temperatures in the range o f 125°C to 175°C may be expected, 
representing Mach 2.0 to 2.4 flight.
The sources o f  FRC mechanical performance degradation due to hygrothermal ageing may 
be categorised as either chemical or physical. The chemical group refers to degradation 
resulting from interaction between the sorbed moisture and the components o f the substrate, 
while the physical ageing degradation refers to the combined effects o f polymer plasticisation 
and hygrothermal stresses. The former o f the physical effects manifests itself primarily in a 
reduction o f the temperature at which the polymer changes from a glassy to a rubbery state, 
while the latter may cause internal damage in the form o f  crazing, cracking and in FRCs, 
fibre debonding.
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4.1.2 C H E M IC A L  EFFECTS
4.1.2.1 POLYM ERS
The chemical degradation process acts upon the fibres, the matrix and, importantly for a FRC, 
on the interface between the two. Considering firstly the polymer, the most significant factor 
with regard to its chemical durability is its chemical composition. Some polymers may 
'break-up' due to exposure to certain penetrants, while others maintain both their form and at 
least a semblance o f mechanical performance. Epoxy resins are generally o f the latter, 
hydrolysis-stable group, while polyesters are susceptible to saponification especially in 
extreme moisture conditions such as immersion in boiling water or superheated steam.
The water molecule, being highly polar, is chemically quite reactive and interacts with the 
polymer chains to effectively dissect intra-molecular bonds. Through this interaction the 
water molecules act as an internal lubricant by decreasing the energy barrier for chain 
segment motion [170] which allows the polymer chains more freedom to slide over each 
other. The breaking o f the intra-molecular bonds also results in a less than ideal packing o f 
the polymer molecules and this, in association with the presence o f the water molecules, 
contributes to the hygroswelling o f the polymer network. This swelling in turn forces 
remaining intra-molecular bonds further apart reducing their effectiveness and the stiffness 
o f the polymer even more.
4.1.2.2 FIBRE/REINFORCEMENT
Considering only the more common impermeable fibres, glass and carbon; they have been 
shown to have very low moisture absorbency [132] and consequently, the greatest effect 
moisture may have on their contribution to the mechanical properties o f a FRC occurs on 
their surface. Carbon fibres are essentially insensitive to water while glass fibres are more 
susceptible to a chemical corrosion process. The water molecules at the surface o f the glass 
fibres are able to interact as shown by equation (82) to break down the strong silicon-oxygen 
bonds within the glass structure [170]. The process is autocatalytic and can lead to severe 
pitting o f the fibre surface and a concomitant reduction in strength.
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Si-ONa  + H20  -  S i-O H  + NaOH
S i-O -S i + OH~ -  Si-O H  + S i-0 ~  (82)
S i-0 ~  + H20  -  S i-O H  + O/T
4.1.2.3 INTERFACE
The interface region between the polymer matrix and the reinforcement in FRCs may be 
considered as a separate phase o f  material with its own particular stoichiometry and 
mechanisms o f degradation. It is a region o f either direct fibre/matrix interaction or 
interaction via a coupling agent [239], A  range o f surface treatments are utilised to create 
active functional groups on the surface o f the fibres to encourage interaction with the 
surrounding resin [240], This region, whilst thin, represents an extremely large surface area 
per unit volume and as the density o f  interactions between fibre and matrix tend to be less 
than that between adjacent polymer chains it often becomes a preferred site for sorbed 
moisture [241]. This effect may be contributed to by the particular fibre utilised and/or by 
the surface preparation o f  the fibre. Weitsman [242] suggests that the presence o f caustic 
soda residue on carbon fibres, introduced during the fibre finishing process, adds to the 
attractiveness o f this site for water molecules.
Once located in this region the moisture may vitiate the interface strength by dissection o f the 
interfacial chemical bonds [166] or by altering the surface free energy. The thermodynamics 
o f failure at an interface relates the failure stress to the surface energy o f  fracture [50, 240], 
consequently a reduction in this energy level would reduce the critical stress o f failure. 
Conflicting reports have been made regarding the effect o f moisture on this parameter. 
Kaeble el cd [243] report that the fracture surface energy o f a graphite/epoxy composite is 
reduced in the presence o f absorbed moisture while Thomson and Broutman [244] indicate 
that it has negligible effect.
Benatar and Gutowski [240] through their investigation o f carbon fibres with varying surface 
pre-treatments suggest that there is very little difference between failure stresses in water 
soaked FRCs for the range o f treatments considered. However, as the samples considered 
contained an extremely high moisture content it is possible that additional effects such as
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moisture induced stresses were the more dominant mechanisms responsible for the reduced 
failure stresses. It seems likely that a comparison between isotherms o f interfacial shear 
stress and moisture content would show some differences between fibre surface treatments 
in a moisture content range where degradation o f the interface properties is the critical 
parameter.
4.1.3 P H Y S IC A L  EFFECTS
4.1.3.1 MOISTURE INDUCED SW ELLING
Numerous workers have assumed, with limited success, that the volume change in a polymer- 
penetrant system may be represented by a linear combination o f the volumes o f the polymer 
and penetrant [52, 245], Figure 48 shows the swelling o f Narmco 5208 epoxy resin with 
equilibrium moisture content. The experimental results fail to match the addition assumption 
and are not well represented by a straight line.
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Figure 48 Volumetric swelling o f  neat Narmco 5208 resin due to absorbed moisture [245J
Previous sections have discussed the mechanisms by which the moisture may be absorbed by 
the polymer. O f these, the water molecules bound by preferential sorption to polar groups 
within the polymer chain and those dissolved within the network contribute to the swelling 
o f the matrix through reduction in cross-linking and osmotic pressure respectively. The third
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group, those located within polymer microvoids, would not encourage swelling and until these 
sites are saturated a reduced swelling versus moisture content gradient would be expected. 
In fact that is what is observed in most experimental results [52, 168, 246] with the authors 
o f such research discounting in an offhand manner such an increase in gradient to 
hygrothermal stress induced cracking. The microcavity saturation explanation appears far 
more feasible especially when the upturn occurs at low moisture contents at which cracking 
is less likely. The uptake into such void areas may also partially account for the differences 
between the magnitude o f the theoretical volume change and that observed experimentally.
The volume changes in composites have been reported to be a better fit to the theorem o f 
addition o f volumes [57] which seems contradictory. The presence o f the fibres would be 
thought to stiffen the material (especially in the direction parallel to the fibres) and this, in 
combination with the increased storage area for moisture in or near the interface, should result 
in an even further disagreement between experimental swelling and the theoretical assumption.
4.1.3.2 H YG R O TH E R M A LLY  INDUCED STRESSES
I f  an isotropic polymeric material in thermal equilibrium begins to absorb moisture, the 
profile o f the moisture concentration through the material w ill have an effect on the stress 
distribution throughout the polymer. As the outer layers absorb moisture there is a tendency 
for this part o f the polymer to swell in response to the hydrostatic or osmotic pressure o f the 
water molecules within the network, a tendency encouraged by the interference to polymer 
intra-molecular interactions. The inner core o f the polymer attempts to resist this expansion 
and hence outer layer compressive stresses and internal tensile stresses are generated. This 
position and time varying stress field continues until the material is equilibrated whereupon 
the polymer network remains in a uniform tensile stress state [168]. When the hydrostatic 
dilation o f the polymer is accompanied by transient environmental conditions the outer layers 
are subjected to transient stress loading around the equilibrium tensile stress [169], Such 
loading itself may, over extended periods, be sufficient to cause cracking and surface damage 
or, i f  desorption is rapid enough, catastrophic failure. Mahishi and Adams [167] reported 
failure o f  Hercules 3501-6 epoxy resin samples when a temperature/humidity environmental 
cabinet malfunctioned resulting in rapid environmental changes from 75°C/95% R.H. to 
75°C/25% R.H. FRCs may be expected to exhibit similar stress variations due to moisture
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absorption. The localised stress gradients within the matrix may be far greater though due 
to the resistance the fibres offer to swelling.
In addition to the moisture induced stresses, polymers and FRCs will generally contain a 
thermally induced stress field. In homogeneous isotropic polymers this is solely a result o f 
the outer surface o f the polymer cooling at a greater rate than the core, resulting in a slight 
tensile loading for the outer layers and compression o f the core. FRCs though, exhibit 
significant thermal stresses as a result o f the differences between thermal expansion 
coefficients and stiffnesses o f the matrix and reinforcement. On cooling from cure conditions, 
the matrix contracts more than the reinforcement resulting in residual compressive stresses 
within the fibres and tensile stresses within the surrounding polymer. Adams [247] has shown 
that the magnitude o f these stresses is not necessarily negligible.
When moisture is absorbed into the FRC the equilibrium stress state and diffusion coefficient 
will depend upon the relative magnitudes o f the thermal and moisture induced stresses. 
Adams [247] continues to find that an introduction o f l%w/w moisture is sufficient to cause 
the radial compressive stress upon the fibres to be converted into a tensile stress o f a 
magnitude greater than twice that o f the original compressive stress. Such stresses may be 
sufficient to cause catastrophic failure o f the fibre [248] or the interface [249] and i f  not 
critical themselves, they will certainly reduce the external stress required to cause such a 
failure.
4.1.3.3 PL ASTIC IS AT IO N
The plasticisation o f a polymer may be considered in terms o f  the effect that the penetrant 
has on the free volume o f the polymer network. Williams el al [250] semi-empirically 
established that at the transition temperature where a polymer changes between glassy and 
rubbery states, the free volume is a fixed percentage o f the total volume («2.5% ). The closer 
the temperature o f a glassy polymer to the glass transition temperature the higher its degree 
o f plasticisation thus, lowering Tg will in effect increase the plasticity o f the polymer. Water 
has a far higher free volume than the polymer and it is generally assumed that not only does 
the moisture encourage increases in the polymer free volume, but that the free volume o f the 
two components o f the mixture are additive [245]. The net result is an increase in free
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volume o f the polymer-penetrant system, polymer plasticisation and a corresponding decrease 
in the Tg [168], The same effect will be noticed in a FRC as determined by the 
characteristics o f the matrix. Importantly for both polymers and FRCs the moisture molecules 
which have a plasticising effect are those which interact with the polymer chain or dissolve 
within the network. Those occupying voids within the network have significantly less (often 
assumed negligible) effect [79, 251, 252],
4.1.4 M IC R O D A M A G E  IND U CED  BY N E T  EFFECTS O F H Y G R O T H E R M A L
A G E IN G
In section 3.1.4.3 the work o f Zhou and Lucas [164, 165] was presented in its effect on the 
kinetics o f penetrant uptake. The hygrothermal ageing o f polymers and FRCs has now been 
shown to produce stresses, network perturbations and fatigue loading sufficient to generate 
the damage requisite in the proposals o f [164] and [165], Weitsman [242] makes seven 
conclusions regarding the overall damage induced by moisture absorbtion in graphite epoxy 
composites which provide an excellent generalisation o f the damage observed by other 
workers [169, 253]:
(a) moisture induces damage in the form o f cracks at the fibre-matrix interface,
(b) the extent o f the damage is history dependent and more damage is induced by 
desorption than absorption,
(c ) the density and size o f cracks increase with the number o f  environmental cycles,
(d) increases in average moisture content increase the extent and size o f damage,
(e ) damage always starts in the vicinity o f  the outer surfaces,
(f )  in the majority o f cases cracks extend in the direction parallel to the free surfaces 
(fibres), and
(g ) the damage tends towards localisation with many small cracks formed in favour o f 
few  large cracks.
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4.2 TH E  EFFECTS O F H Y G R O T H E R M A L  A G E IN G  O N M E C H A N IC A L  
P E R F O R M A N C E  O F P O L Y M E R S  A N D  FRCs
4.2.1 D U R A B IL IT Y  O F  M A T E R IA L  P E R F O R M A N C E
The effect o f the combined mechanisms o f hygrothermal ageing on the mechanical 
performance o f polymers has been investigated extensively. Investigations into ultimate 
tensile stresses and strains, elastic moduli (both tensile and compressive) and shear 
performance [76, 133, 254] have all been made. Unfortunately the exact variation o f such 
changes with moisture content often remain unobserved as comparisons are generally made 
between dry and a single, 'worst-case' moisture conditioned state to provide operational 
bounds for the performance o f the polymer as shown in Figure 49 for the effect o f moisture 
uptake in TGDDM-DDS epoxy resin.
Temperature (°C)
Figure 49 Mechanical properties o f  TGDDM -DDS epoxy resin 
as a function o f  moisture content and temperature [7 6 ]
The focus o f such work is generally centred around the plasticisation effects in polymers 
which have been subjected to a specific limited environmental exposure to eliminate any 
contribution to the performance deterioration due to moisture induced cracking. This is quite 
logical as a material that cracks, especially in an aerospace application, would be considered 
to have failed and be replaced.
7x104
5
3
1
The effect o f  hygrotherm al ageing on durability and repair o f  F R C s I  Oh
Fractographical analysis o f  failure surfaces in neat polymers also highlights the effect o f
moisture on the network structure. Scanning Electron Microscopy (SEM ) generally reveals
that the initiation regions within wet polymers contain many more cavities than observed in
the corresponding areas o f  the dry polymer. Morgan el al [76] also observed that crazing (viz
micro-damage) and matrix degradation were more susceptible to the moisture uptake than Tg 
hence, the modification o f Tg could not be used alone as an indication o f mechanical 
response.
The additional mechanisms o f failure 
associated with the interface and the fact that, 
unlike the neat polymer, FRCs are a 
structural building material, necessitate a
solid understanding o f their performance in
the hygrothermal environments in which they 
are employed. The same effects o f moisture, 
noticed in the neat polymer, tend to carry 
over to the mechanical performance o f the 
matrix dominated properties o f FRCs. 
Transverse modulus and strength [133, 255, 
256], interlaminar and in-plane shear 
strengths [257], flexural strengths [133] and 
compressive modulus and strengths [139, 
258, 259] have all been shown to demonstrate
0 .2 .4 .6 .8 1.0
s t r a in  (%> significant reductions with increasing
Figure 50 Typical transverse stress-strain
moisture content, while the Poisson's ratio o f
curves o f  a FRC (AS/3501-5) [133 ]
transverse strain to longitudinal strain (in 
unidirectional 0° laminates) has been shown to increase [260]. Figure 50 shows the typical 
transverse tensile stress-strain behaviour o f  a FRC with varying moisture content.
The effect o f ageing on the fibre dominated tensile strength and modulus have also received 
widespread attention. Typically, these properties are less affected by the presence o f 
moisture, the modulus especially [261]. The strength has actually been shown to be increased 
slightly by the addition o f a limited amount o f moisture (see Figure 51) [238, 262, 263], This
WET 75% R.H. = 1.05% WT. GAIN
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is generally referred to as an optimisation o f the matrix polymer and may be related to an 
decrease in the flaw sensitivity o f the matrix through the slight plasticisation that the limited 
moisture provides. Further increases in moisture cause a reduction in the fibre-matrix load 
transfer ability though degradation o f the interface and increased dissection o f matrix intra­
molecular bonds and significant strength reductions may then be observed from the optimised 
condition.
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Figure 51 Isothermal ageing o f  carbon bismaleimide ±-15 laminates /23R]
The optimisation effect is most noticeable i f  edge and surface damage, as a result o f moisture 
conditioning, is eliminated. Martin and Campion [238] show (in Figure 51) that standard test 
coupons aged in varying hygrothermal conditions do not exhibit an improvement in 
performance while test coupons originally aged as large panels (and cut for testing) did. This 
supports the theory that the optimisation is a matrix property which, in the smaller aged 
coupons, is overcome by surface damage effects caused by moisture uptake.
SEM observations o f  FRC transverse fracture surfaces by Pomies el a! [255] revealed 
significant differences between wet and dry surfaces. The dry FRC surfaces displayed resin 
adhereing to the fibres indicating failure within the matrix and adequate fibre/matrix adhesion. 
The wet FRC surfaces showed numerous bare fibres suggesting failure at the interface. The 
cause o f the interfacial failure was thought to be the absorbed water's degradation o f the 
interface.
125°  • A  «s co o s
175°  - Aged as coupons
as panels
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4.2.2 GLASS TR ANSIT IO N  TEM PER ATU R E
Delasi el al [57, 65, 254] have examined several epoxy resins and the effect o f moisture upon 
them. Tg was shown to reduce with increasing moisture content and, importantly, the 
differing resins all displayed similar reductions as shown in Figure 52. Browning et cil [133, 
168] observed that non-uniform moisture distributions within the polymer will influence the 
experimental results in a manner dependent upon the specific test method used. Zheng and 
Morgan [264] suggest that due to moisture loss in Differential Scanning Calorimetry (DSC) 
and Thermo Mechanical Analysis (T M A ) the real Tg for an epoxy o f a specific pre-test 
moisture content is probably a little lower than that observed. This then requires careful 
consideration o f the testing method and sample dimensions. Heating o f the sample increases 
the diffusion coefficient o f moisture within the polymer and decreases the penetrant activity 
in the surrounding atmosphere (assuming a sealed temperature oven). This leads to significant 
moisture loss from the surfaces o f a sample prior to reaching the glass transition. McKague 
[52] utilised a thermo-mechanical expansion technique insensitive to the drying o f the 
material, to determine the results shown in Figure 52 which suggests that the techniques used 
to determine the other data o f Figure 52 were also reasonably insensitive to drying effects.
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Figure 52 The effect o f  moisture on the Tg o f  epoxy resins and a FRC: 
data from  [52, 57, 133]
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Apicella et al [79, 251, 252] have closely scrutinised the effect o f hygrothermal history on 
the Tg o f epoxy polymers. The significant conclusion to their work was that the total 
moisture content within a polymer sample may be considered to be comprised o f two 
populations; one representing the equilibrium content o f moisture in the compact resin and 
a second representing the water present in microcavities. Apicella el al [251] shows that only 
the first population is critical to the Tg.
Numerous references imply that the Tg o f  FRCs is determined solely by the Tg o f the matrix 
[52, 57, 254]. While this is undoubtedly an accurate assumption, it does seem likely that the 
interface w ill have some bearing upon the performance o f FRCs. Extremely limited data is 
available to confirm or deny these suspicions. Browning et al [133] shows good correlation 
between 3501-5 neat resin and AS/3501-5 composite glass transition temperatures (see 
Figure 52). Chateauminois et al [265] provide data for LY556 epoxy resin and P9HT R- 
glass/LY556 composite Tg variation with increasing moisture content, Comparison o f the 
data shows that the un-reinforced polymer exhibits a slightly higher reduction o f Tg for a 
given moisture content than the FRC o f equivalent matrix moisture content. This is quite 
reasonable as the FRC undoubtedly contains an increased percentage o f  moisture absorbed 
into microcavities than the polymer because o f  its heterogeneity. This would be sufficient 
to account for any differences in the observed transition temperatures and highlights the 
suspicion that the presence o f reinforcement w ill affect the Tg o f a composite.
4.2.3 R E V E R S IB IL IT Y  O F  M O IS T U R E  EFFECTS
Obviously the moisture induced cracking is irreversible damage. The question o f whether the 
plasticisation effects are as well is quite relevant for this research. The uptake o f penetrant 
tends to induce irreversible network expansion which accounts for increases in uptake rates 
and equilibria levels in subsequent sorptions. This microcavity induced expansion has been 
observed by [168] in dried epoxy resins. Wright [254] in his review o f the effects o f 
moisture on FRCs concludes that there is a slight permanent loss o f  properties, probably 
related to the swelling o f the matrix and the production o f the additional microvoids. [266] 
concurs with this generalisation and [265] demonstrates an almost negligible change in Tg for 
FRCs from 'as-cast' conditions to 're-dried' conditions and only a slight reduction in rubbery 
modulus (as measured by Dynamic Mechanical Thermal Analysis - D M T A ). Paradis [51]
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notes that this may be the case for polymers/FRCs cured with a negligible pre-cure moisture 
content but that epoxy adhesives cured with a significant pre-cure moisture content incurred 
irreversible mechanical damage, probably from the combined effects o f  void formation and 
interference with cure reactions.
4.3 T H E O R E T IC A L  M O D E L L IN G  O F  TH E  E FFE C T  O F H Y G R O T H E R M A L  
A G E IN G  O N  P O L Y M E R S  A N D  FRCs
4.3.1 S W E L L IN G  A N D  M E C H A N IC A L  P R O PE R T IE S
The prediction o f swelling characteristics and mechanical performance o f  FRCs is an area in 
which extensive work is required. There are few  theoretical models to account for 
hygrothermal ageing and these are generally specific to the system they were designed for. 
Upadhyay and Prucz [241] have provided a parametric model based on the assumption that 
the failure o f FRCs caused by moisture uptake always initiates at an interface, several such 
initiation sites eventually combining to result in complete failure o f the FRC. The model 
considers the composite to be comprised o f  three-phases; matrix, fibres, and interface. The 
properties o f these phases is linearly related to moisture uptake by specific parameters. The 
overall response o f the material to any one o f  these parameters may then be assessed; 
however, the extremely large number o f  parameters and the lack o f true physical meaning 
make this approach little more than a 'cause and effect' model. Lee and Peppas [267] have 
also presented a parametric model to describe moisture transport and moisture induced 
stresses in FRCs. In this case the parameters are either measurable material properties or 
determined from fitting a stress dependent diffusion model (similar to [209]) to moisture 
uptake data. This is a more acceptable approach but relies upon the assumption that the 
diffusion behaviour o f the FRC is solely stress dependent.
More specific are the FE approaches utilised by Caims and Adams [246], Adams [247] and 
Pomies and Carlsson [256] to estimate transverse swelling, modulus and strength o f FRCs. 
Representative models o f  FRCs were analysed for the effects o f hygrothermal ageing and 
were quite successful in predictions o f modulus and swelling performance but tended to be 
quite unconservative in strength predictions.
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4.3.2 G LASS  T R A N S IT IO N  T E M P E R A T U R E
Two distinct approaches have been developed to describe the effect o f  an absorbed penetrant 
on the Tg o f a polymer based upon either:
(a) a free volume approach [245, 268], or
(b) configurational entropy theory o f  glass formation [265],
The former is more commonly utilised and is derived from the work o f Kelley and Bueche 
[268] to describe the effect on the glass transition temperature o f a polymer by a diluent:
Tg =  ap^p^p + ad(  ^~Vp)Tgd
« ,  y , + m 1 -  vp )
where Tg, T gp and Tgd are the glass transition temperatures o f the system, the polymer and 
the diluent respectively, V p the volume fraction o f the polymer in the system and a p and a d 
the differences in volumetric expansion coefficients between liquid and glassy conditions, i.e. 
a p =  a lp - a gp and a d =  a,d - a gd. McKague et al [245] has shown that when considering an 
epoxy-water system this may be simplified to:
To = ^ p + ~ p^) (84)
* „ y ,  + * u V - y , )
Equation (84) has been shown to be quite successful at describing the form o f Tg versus 
moisture content experimental data. Discrepancies may, in some cases, be attributed to an 
incorrect choice o f value for Tgd. McKague et al [245] initially suggested 0°C or 4°C, 
however later work has shown the correct value to be -139°C [265]. The other concern with 
this approach is the value o f a ld utilised. M oy and Karasz [65] and Chateauminois et al [265] 
recognise that at high temperatures the meaning o f this parameter becomes indistinct as the 
exact contribution o f vapour to the free volume o f the system becomes uncertain. Various 
values o f this parameter have been utilised; 0.366x10~3oC [245] based upon Charles' Law for 
the water in vapour phase, 1.5xlO'3oC as an intermediate value between water in the vapour 
and liquid phases and 0.7xl0 '3oC [265] determined simply by error reduction in fitting 
equation (84) to experimental data.
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4.4 THE EFFECT OF HYGROTHERMAL AGEING OF FRCs REPAIRED BY
ADHESIVE BONDING
4.4.1 MECHANISMS OF HYGROTHERMAL AGEING OF REPAIR JOINTS
The restricted use o f adhesive bonding for either manufacture or repair in structural 
applications is primarily related to the durability o f such joints in the environment. The 
mechanisms by which the durability o f a joint may be affected are similar in many ways to 
those which affect a FRC. The environmental moisture may attack the interface between or 
the performance o f the substrates and adhesive. The performance o f the substrates and 
adhesive (the latter essentially a polymer) have been discussed in the previous sections 
although, the reduction in joint performance due to the effect o f  these mechanisms on the 
adhesive may occur in a different manner to that predicted by the performance o f a bulk 
adhesive sample. Within a joint the performance o f the adhesive may vary substantially from 
that o f  the bulk sample due to different cures, microstructures and void content.
As in the fibre/matrix interface the substrate/adhesive interface may be attacked by hydrolysis 
o f  interfacial covalent bonds. But before this becomes critical it is important to ensure that 
the interface in the presence o f moisture is stable so that the substrates and adhesive do not 
fall apart as soon as the moisture is absorbed. Gledhill and Kinloch [269] present a method 
o f assessing the intrinsic stability o f  an adhesive/substrate interface in the presence o f a liquid 
environment. This approach considers the energy required to separate a unit area o f an 
interface known as the thermodynamic work o f adhesion. This energy level can be calculated 
in both a dry air environment and a liquid water environment and compared. While the water 
environment results in a reduction o f the work energy, the value remains positive for an 
epoxy adhesive - epoxy matrix FRC system indicating that the interface should remain stable 
in the presence o f water and still require energy to pull it apart although at a lower energy 
level [61],
Although the interface may be shown to be stable, it remains a preferred moisture sorption 
region. Zanni-Deffarges and Shanahan [270] in their consideration o f diffusion in adhesive 
joints (with non-absorbing substrates) concluded that moisture ingress occurs by two
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mechanisms:
(a) water diffuses into the thickness o f the adhesive causing reduction in polymer 
performance through internal moisture induced stresses and plasticisation and
(b) water seeps along the substrate-adhesive interface at a far higher rate than that o f 
classical diffusion which encourages an increased moisture uptake rate for the 
adhesive and causes severe interfacial bond hydrolysis and localised moisture 
induced stresses.
These detrimental effects to the performance o f the interface are not required to have 
proceeded across the entire bond area for the joint to loose an appreciable amount o f its 
original strength. Gledhill el al [271] utilise an analogy with Griffith critical crack lengths 
to explain the reduction in performance o f  a joint due to the effect o f ingressing moisture on 
interfacial strength. Failure o f joints due to moisture exposure often occurs with this 
mechanism dominant and may be visually verified by a change o f joint locus from cohesive 
failure in the adhesive to some portion o f interfacial failure between the substrates and the 
adhesive. Generally the extent o f  interfacial failure increases with time o f exposure to the 
hostile environment. Whether the failure is truly interfacial or slightly within the adhesive 
layer is still an aspect under research and is o f  little importance to the design engineer whose 
primary concern is the reduction in load carrying ability associated with the change in locus.
4.4.2 TH E  E FFE C T  O F H Y G R O T H E R M A L  A G E IN G
The choice o f substrate is quite critical to the failure mechanism exhibited in an adhesive 
joint. Gledhill and Kinloch [269] show that with increasing environmental exposure the 
strength o f a butt joint with steel substrates decreases markedly (see Figure 53). Concurrent 
with the increasing exposure time is an increase in interfacial failure area o f the joint. This 
is in part due to the inherent instability o f  a metal oxide-epoxy interface in the presence o f 
moisture [269] and such substrates require careful surface pre-treatment to avoid the joints 
from simply falling apart. Generally a well designed FRC substrate joint will fail in the 
substrates but the implication from the metal is that the moisture may induce different failure 
modes in wet joints from those o f a dry joint [272].
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Time in environment, h 
Figure 53 Strength loss o f  a stainless steel substrate
butt jo in t clue to environmental exposure [269J
Parker [61] has examined the effect o f  environmental exposure time on the performance o f 
single lap joints manufactured from numerous epoxy film adhesives and epoxy matrix FRCs 
and found that the joint strength reduced as the exposure time increased. Parker [61] found 
that adhesives with a higher cure temperature (175°C) exhibited little or no interfacial failure 
while lower temperature curing adhesives (120°C) tended to exhibit increasing interfacial 
areas with increasing environmental exposure. This corresponded with the 175°C cure 
adhesive joints exhibiting much better resistance to strength loss than the 120°C adhesives. 
Robson el al [273] have also shown similar results with modified scarf joints.
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Figure 54 shows that the higher temperature cure adhesives maintain or slightly improve their 
strength characteristics with exposure time while the 120°C adhesives tend to exhibit 
significant loss. John el al [274] provide further evidence o f the effect o f  cure temperature 
by examining the effect o f 'hot-wet' conditions on room temperature curing adhesive joints. 
They identified a steady decline in joint strength with increasing exposure time where the 
main mechanism o f environmental attack was plasticisation o f the adhesive and composite 
substrates. Robson el aI [273] believes that the increase in strength o f the higher cure 
temperature adhesive joints is due to a relief o f curing strains as the joint swells in response 
to absorbed moisture.
The work o f [237] and [273] both demonstrate failure in the composite substrates at low 
exposure time gradually proceeding to either cohesive failure within the adhesive or interfacial 
failure. The one problem with such joint configurations is that the effect on the joint strength 
is being overshadowed by the substrate strengths at these low exposure times. It would be 
o f interest to the mechanics o f joint failure to observe the variation in failure modes o f joints 
from low to high exposure times to see i f  the mechanisms change. Also exposure to extreme 
environments may show different mechanisms such as discovered by Springer and Wang 
[275] who found that adhesively bonded lap joints exhibited negligible loss o f lap shear 
strength when immersed in water at 23°C but lost up to 50% strength when the immersion 
temperature was raised to 93°C. The only effect that the temperature o f immersion should 
have is to increase the rate o f moisture uptake. The equilibrium level o f moisture within the 
joint would not change appreciably and thus plasticisation effects are unlikely to be the cause 
o f such change in failure mode.
4.4.3 THEORETICAL MODELLING OF AGEING EFFECTS
Provided the failure mechanism is related to the degree o f plasticisation in either the 
substrates or adhesive, modelling o f  the joint strength is possible. The physical characteristics 
o f  the substrate and adhesive must be known, i.e. their stress strain relationships, moisture 
uptake rates etc. From this data (usually empirical) continuum methods o f stress analysis 
[273] or FE analysis [274] may then be used to predict the performance o f the joint.
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Generally though, whatever method is chosen, the theoretical prediction tends to be higher 
than the experimental results. This may be accounted for by the inability o f the models to 
represent accurately the stress distribution and moisture concentrations o f the experimental 
samples. More than likely though, the lower experimental failure loads are probably related 
to interfacial damage caused by the moisture ingress along the adhesive/substrate boundary, 
currently not predicted in the joint strength models available.
4.5 THE EFFECT OF HYGROTHERMAL AGEING OF FRCs ON THEIR 
REPAIR BY ADHESIVE BONDING
4.5.1 MECHANISM BY WHICH PRE-JOIN MOISTURE AFFECT ADHESIVE 
BONDING OF FRCs
The fact that moisture levels o f up to 1% w/w may be found in FRC structures exposed to 
the environment has already been reported as well as its effect on the FRC properties. Should 
such materials be damaged an even more critical effect o f this pre-join moisture is its effect 
on the 'repairability' o f the structure. The moisture is capable o f 'leaching-ouf o f the FRC 
substrate should the activity o f  moisture in the surrounding environment be less than that 
within the FRC. The heating o f the repair area or joint succeeds in not only curing the 
adhesive but also encourages the accelerated diffusion o f moisture out o f  the substrates in an 
attempt to equilibrate with the surroundings.
Part o f this moisture loss w ill exit to the atmosphere, some will be absorbed by the adhesive 
and part may locate itself at the adhesive/substrate interface. The adhesives used in repair 
applications are generally stored under 'cold-dry' conditions and consequently contain little 
moisture and thus readily absorb moisture from the substrate under cure conditions. The 
elevated temperature o f cure reduces the viscosity o f the adhesive to allow it to wet the 
substrate surface; the reduction in viscosity also brings about an increased mobility o f 
penetrant molecules within the adhesive. The water emanating from the substrates may affect 
the adhesive in three ways:
(a) the moisture may cause the production o f an excessive amount o f voids [56, 60],
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(b) the cure reaction o f the adhesive may be affected by the presence o f the moisture 
[51] and,
(c ) the moisture will cause plasticisation o f  the adhesive by interfering with the density 
o f intra-molecular bonds formed in the cure process.
These mechanisms all reduce the load carrying capacity o f the cured adhesive [50], although 
the latter may be able to be reversed by post cure drying o f the adhesive/joint. The interface 
too may be affected by the moisture, obviously again through dissection o f interfacial bonds 
but also through an interference with the actual formation o f these interfacial links [61],
Not only will the pre-join moisture cause deterioration o f the adhesive and the 
adhesive/substrate bond but it may also cause delamination and blistering o f the FRC 
substrates [59], This being the result o f the absorbed moisture vaporising as a consequence 
o f the elevated cure temperatures, the increased vapour pressure being sufficient to cause 
internal stresses to reach sufficient magnitude to cause inter and intra laminar cracking.
The common solution to the problem o f  this moisture is to thoroughly dry any FRC 
components before repair. The recommended levels to which FRC components must be dried 
vary between 0.3% w.w [237] and 0.5% [63]. Such drying o f the components may take 
considerable time as drying temperatures are normally kept below 100°C to avoid vaporisation 
and the component thickness may be up to 10mm. The other contributing factor to the 
excessive drying time is that typically the moisture content o f a component is unknown and 
a worst case estimate must be used [59],
The acceptance that a certain amount o f moisture may be tolerated in substrates to be repaired 
is the result o f empirical observations, the level o f  moisture undoubtedly being a function o f 
many parameters including substrate and adhesive sorption characteristics, joint design, cure 
conditions and surface pre-treatment. Only recently has the notion been investigated that it 
is not the moisture content o f the component that is the critical parameter rather, the content 
o f the outer plies [63, 237]. This is related to the knowledge o f the sorption kinetics which 
predict that only the moisture in the surface layers will be able to diffuse into the joint during 
the critical gel time o f the adhesive.
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4.5.2 THE EFFECTS OF PRE-JOIN SUBSTRATE MOISTURE ON ADHESIVE 
JOINTS
4.5.2.1 VOIDS
Moisture within the liquid curing adhesive (whether absorbed or initially present) may form 
voids i f  the partial pressure o f the water exceeds the environmental pressure. Augl [56] notes 
that nucleating sites for such moisture induced voidage are probably always present in 
adhesives through entrapped air bubbles. Water may not be the only void producing volatile 
although Donnellan [60] has shown through experimental work that it is the primary 
contributor in modern epoxy adhesives. Robson el al [63] and Parker [62] have shown that 
the bondline void content for a variety o f adhesives increases with substrate pre-join moisture 
content, although the increases do show occasional anomalous results (such as the high 
moisture content results for BSL 319) as shown in Figure 55.
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Figure 55 The effect o f  substrate pre-join moisture content on adhesive void content:
data from  [6 3 ]
Parker [61] in further work on the effect o f pre-join moisture observed that no evidence o f 
void increases was seen i f  the substrates were partially dried before bonding. This leads to 
the definite conclusion, supported by the theory o f [56] and [60], that it is only the moisture 
in the outer substrate layers which contributes to the void formation within the adhesive.
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Prevention o f void formation may be achieved through elimination o f the moisture, restriction 
o f the gelation/cure temperature o f the adhesive and/or increased environmental pressure at 
cure [60]. The first is achievable by substrate drying while the second, as shown in section
4.4.2 for the current generation o f adhesives, leads to an adhesive joint with reduced 
environmental durability. The third option is achievable i f  repairs can be cured in an 
autoclave. Unfortunately one o f  the primary uses o f adhesive bonded repair is for in-situ 
applications with pressure applied through either mechanical or vacuum bag pressure. The 
latter may induce increased voidage by reducing the environmental pressure surrounding parts 
o f the joint. Thus the simplest remedy is to remove the offending moisture.
4.5.2.2 JOINT STRENGTH
The strength o f adhesive joints manufactured from moisture conditioned substrates has been 
shown to decrease with increasing substrate equilibrium moisture content [59, 61, 62, 63]. 
As with the durability tests, adhesives cured at 120°C showed more susceptibility to the 
effects o f substrate moisture than those cured at 170°C [59, 61] as shown in Figure 56.
*  120°C Cure
175°C Cure
0 0.5 1.0 1.5 2.0
Laminate pre - bond moisture content (%)
Figure 56 The effect o f  substrate pre-bond moisture content on jo in t strength o f  differing
temperature cured adhesives [6 1 ]
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The reductions in joint strength o f the adhesives shown in Figure 56 are shown to be 
contributed to by all o f the possible mechanisms. Some adhesives showed little or no 
increases in bond line void content or interfacial failure suggesting adhesive plasticisation as 
the dominant mechanism, while others showed increases in one or both o f the former bondline 
defects. Interestingly, in [61] the 175°C cure adhesive showed almost complete interfacial 
failure at high substrate moisture contents, a direct opposite to the observed long term 
exposure failure locus.
Robson et cd [63] have provided the latest investigation into the effects o f substrate moisture 
on joint strength and have incorporated Parker's [61] proposal that it is the surface moisture 
content that is critical rather than the overall substrate moisture content. The results o f 
Figure 57 and Figure 58 show a marked reduction in scatter when joint strength is compared 
to the estimated surface moisture level (based upon diffusion calculations and pre-join storage 
environment). These results suggest that for the adhesive/substrate combination studied by 
[63] the moisture content o f the surface layers must be reduced to < 1.2% to produce a joint 
o f essentially dry substrate quality.
n "XAS/914" parent, repaired with "X 'lS/914" using "BSL  319" adhesive 
°  "XA  S/913" parent, repaired with "XAS/913" using "BSL  312/5" adhesive |
Overall Pre-Bond Moisture Level in Parent Composite (%wAv)
Figure 57 The effect o f  substrate moisture 
content on scarf joint strength [6 3 ]
D "XAS/914" parent, repaired with "XsiS/914" using "BSL 319" adhesive 
o "XAS/913” parent, repaired with "XAS/913" using "BSL 312/S" adhesive|
Surface Pre-Bond Moisture Level in Parent Composite (%w/w)
Figure 58 The e ffect o f  substrate surface 
moisture level on scarf joint strength [6 3 ]
The effect o f  hygrothermal ageing on durability and repair o f  F R C s 123
4.5.3 THEORETICAL MODELLING OF THE EFFECT OF PRE-JOIN MOISTURE
In many ways the modelling o f  the effect o f pre-join substrate moisture maybe adopted from 
that o f models developed for the effect o f  hygrothermal ageing. Such models are capable o f 
accounting for plasticisation effects o f the moisture however, the effects on adhesive cure and 
interfacial degradation have yet to be modelled and will require extensive knowledge o f 
interfacial and cure phenomena before they are. Augl [56] and Donnellan [60] have produced 
models based upon Fickian diffusion to predict void formation and growth although with 
considerable simplifying assumptions. It appears therefore that empirical data currently 
remains the most reliable predicition method o f the effects o f substrate pre-join moisture.
SECTION 2
S O R P T IO N  C H A R A C T E R IS T IC S  O F A  FIB RE  R E IN FO R C E D  C O M PO S IT E
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5 THEORETICAL DEVELOPMENTS RELATING 
TO SORPTION CHARACTERISTICS
5.1 IN T R O D U C T IO N
As Chapter 3 demonstrated, the development o f theoretical sorption models is well advanced 
with numerous models proposed to account for the most likely transport mechanisms acting 
either individually or in combination. A  major aim o f this work is, rather than to develop a 
new model, to compare the relative merits o f these existing models in predicting the sorption 
characteristics o f FRCs. To this end, this chapter provides the theoretical background o f the 
model fitting process utilised for comparison o f the models chosen for investigation in this 
research.
As these models are typically o f  a one dimensional form which is both conducive to 
parameter estimation and often difficult to transfer to full three dimensional format, a 
correction technique is provided to convert the recorded sorption data into one dimensional 
form. This technique is compared to other edge diffusion correction procedures and found 
to be more complex but also more accurate. The development o f the new technique relies 
upon a relationship between the principal diffusion coefficients o f  the sample under 
investigation. Consequently, a theoretical relationship between these coefficients is 
established accounting for the possibilities o f non-random fibre distribution and ply separating 
resin layers in FRCs and is compared with experimental data from other references.
The correction technique developed in this chapter will be employed to aid the data reduction 
o f the experimental sorption work. The results from the experimental work and their 
comparison to the theoretical proposals o f  this chapter are presented in Chapters 6 and 7.
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5.2 FITTING  T H E O R E T IC A L  M O D ELS TO E X PER IM E N TAL D ATA
5.2.1 B A C K G R O U N D
Determining the sorption parameters o f  a material from experimental data usually involves 
fitting a theoretical model to the data in some manner. Numerous methods may be chosen; 
but common to most is a merit-function which assesses the agreement between experimental 
data and the selected model. The merit-function is generally chosen so that the smaller its 
value, the closer the agreement between the model and the data. The unknown parameters 
o f the model are then chosen to minimise the merit-function which makes the fitting process 
simply a function minimisation in B dimensions (where B is the number o f parameters to be 
fitted).
There is more to consider though than solely finding the parameters which minimise the 
magnitude o f error between experimental and theoretical data. Measurement errors will 
inevitably result in experimental data not exactly matching even a 'correct' model. This 
necessitates a consideration not o f  a minimum error, but o f the maximum likelihood that the 
data would exist given the specified model. This is known as the maximum-likelihood 
criterion for the selection o f model parameters. The merit-function may also exhibit 
numerous minima making the selection o f  the model parameters more difficult. 
Consequently, the numerical method chosen to fit models to data must provide error estimates 
for the parameters and an assessment o f the goodness-of-fit o f the model against a statistical 
standard.
5.2.2 SELECT IO N  OF A  M E R IT  FU N C T IO N
Typically the sorption data under investigation is o f the form; moisture content o f the sample 
versus time o f sample exposure, i.e. a set o f A  data points (irq, tj) i=T..A. The models 
proposed to fit this experimental data also relate the moisture content o f the sample to the 
exposure time though use o f B parameters such that the ideal equality is:
m(t)  = m(t\bj ) j  - A  ..B (85)
where m (t) is the actual data, m(t; bj) the model prediction and bj the model parameters.
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To obtain the merit-function consider the probability that the experimental data exists, 
assuming that the model is correct. Press et al [276] provide a proportionality statement 
between the probability o f the data existing (P ) and the difference between the experimental 
data and the model predictions. This relationship includes a measurement error Amj at each 
value o f m, which is independently random and distributed as a normal (Gaussian) distribution 
around the anticipated model prediction with a standard deviation o f cy;:
Maximising P (satisfying the maximum-likelihood criterion) is equivalent to minimising the 
negative o f its logarithm, which in turn may be accomplished by minimising the common 
chi-squared (x2) function:
This then becomes the merit-function for the model fitting algorithm.
5.2.3 DETERMINATION OF THE MODEL PARAMETERS
Because o f the non-linearity o f the models proposed to predict moisture uptake, the process 
o f determining model parameters is an iterative one. Close to its minimum, x2 is expected 
to be approximated well by the quadratic form:
where [dj] is the first order and [e^ -] the second order derivative matrices (the latter also 
known as the Hessian). I f  the quadratic approximation to x2 is accurate, Newton's method 
allows a step from the current parameter values to minimising ones through:
(86)
(87)
X2(bj) = constant -  [dj]T[bj] -  ± [b j} T[eM][bj\ (88)
(89)
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otherwise a steepest descent method may be employed to provide an improvement in the 
values o f [b j:
[ bj ] „ e « = [6;L ■ C0'«to«txV2 A bi ) M  (90)
where the constant is chosen not to exhaust the downhill direction.
In the work presented in this document a combination o f these two methods is used through 
the Levenberg-Marquardt method which utilises Newton's method where it can and the 
steepest descent technique, with the constant supplied from the Hessian, i f  the quadratic is a 
poor fit. For detailed description o f this process the reader is referred to [276],
5.3 DEVELOPMENT OF AN EDGE DIFFUSION CORRECTION TECHNIQUE
5.3.1 BACKGROUND
Having determined the method by which the parameters o f a model are to be determined, the 
choice o f the model and its form become the next considerations. Often in sorption analysis 
the materials under investigation are well represented as semi-infinite, i.e. the ratios o f length 
and width to thickness are very high. This leads to the use o f one dimensional models for 
the examination o f sorption effects. The use o f such models also aids the parameter 
estimation process by reducing the number o f parameters that may be varied to provide a 
maximum-likelihood fit.
The problem with any one dimensional model is the reduction in accuracy the closer the 
sample dimensions approach those o f a cube. Existing correction techniques have been shown 
to be inaccurate for experimental use or only accurate given certain sorption performance (see 
section 3.2.4). In order to utilise a variety o f  one dimensional models it is ideal to develop 
a correction technique that which, in a similar manner to that o f Grayson [189], corrects 
individual data points within a data set for the effects o f three dimensional uptake. This 
would then provide data in a convenient form for comparison with any one dimensional 
model.
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5.3.2 REDUCING THREE DIMENSIONAL DATA TO ONE DIMENSION
Although several models are to be investigated for their ability to represent sorption data, the 
overlying assumption for the correction technique is that a correction based upon Fickian 
uptake is satisfactory to account for sample dimension effects. In the correction algorithm 
to be outlined any model would be acceptable provided it gave a reasonable representation 
o f the data and that both its one and three dimensional forms were derivable.
Consider any experimental sorption data. To this data the three dimensional model (in this 
case equation (47)) is fitted using the Levenberg-Marquardt technique. At every time step 
corresponding to an experimental data point the theoretical value o f moisture content may 
then be determined. The experimental data point is then reduced to one dimension by 
reducing its moisture content level by the same factor as that separating the one dimensional 
and three dimensional models. For the Case I models this may be summarised as:
where the terms o f equation (91) are identical to those described in the development o f the 
three dimension Fickian model o f  section 3.2.3. From equation (91) each experimental data 
point (mcxp) may be reduced to its corresponding one dimensional value. This then provides 
a reasonable correction to sorption data for the effects o f  three dimensional uptake. Once 
reduced to one dimension any o f the one dimensional models may be fitted directly to the 
data and their respective parameters obtained.
Critical to this correction algorithm is the fitting o f the three dimensional uptake model. For 
isotropic materials where the three principal diffusion coefficients are equivalent the model 
reduces to two parameters, i.e. mf and D. Anisotropic materials provide more difficulty as 
the addition o f two more diffusion coefficients makes the fitting o f  the model in the form o f 
equation (47) impractical as no differentiation can be made to the relative contributions o f the 
principal diffusion coefficients. Instead, a relationship between the three coefficients must 
be obtained to enable the three dimensional model to be reduced to two parameters. A
-(2 j>  + 1 )27i2Z y 1  - ( 2  q f  1
(91)
64 y  y  Af J e l g 2
7 1 % .0  q - 0  ( 2 p  +  1 ) 2 ( 2 ^  +  1 ) 2
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technique for determining this relationship is developed in section 5.3.4 after the simple case 
o f an isotropic material is considered in the following section.
5.3.3 CO RR ECTIO NS FOR A H O M O GENEO US, ISOTROPIC M A TE R IAL
Homogeneous, isotropic polymeric materials provide the easiest relationship between the 
principal diffusion coefficients, i.e. they may all be equated to the polymer diffusion 
coefficient. This reduces equation (47) to the form:
To compare the accuracy o f  correction techniques previously mentioned to that o f the 
technique proposed in section 5.3.2, hypothetical experimental data were created for samples 
o f  varying square planform dimensions and a polymer diffusion coefficient (D p) o f l x lO"6
to that hypothetical data using the methods proposed by Shen and Springer [89], Rothwell and 
Marshall [188], Grayson [189] and the current technique.
mf - m i 7i6 p=o <7=0 r=o ( 2 /? + 1 ? ( 2 q  + 1 )2 ( 2 r + 1 f
(92)
mtir/s using equation (92). The Fickian one dimensional model was then fitted and corrected
10.0 Technique used to determine D
  Shen and Springer (1976) 0<m<0.6mf  Shen and Springer (1976) 0<m<0.25mf
  Levenbeig-Marquardt fit of ID modelO  9.0
1.0
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Sample length to thickness ratio (f/h) 
Figure 59 I Incorrected polymer diffusion coefficient: 
predicted by ID  model from hypothetical 3D data
Figure 59 shows the uncorrected values for the polymer diffusion coefficient obtained by two 
methods. The first uses the approximation for D as proposed by [89] and utilised by [188] 
and [189] which suggests that in the linear region o f the m versus Vt sorption data the 
through- thickness (z axis) diffusion coefficient o f  any material may be calculated using the 
relationship:
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=
' % h2
16 pij-
[gradient(m :/?)] (93)
where gradient(m:Vt) is the gradient o f  the m versus Vt data and for the investigation outlined 
here its value has been obtained using the Levenberg-Marquardt algorithm to fit a straight line 
o f form y=mx to the appropriate data. The range o f moisture content data chosen to represent 
the linear region is generally 0<m<0 .6mr, however the choice o f the upper limit is quite 
significant to the results obtained from this approximation. The second method eliminates 
the need to consider such a range by utilising the Levenberg-Marquardt approach to directly 
fit the one dimensional model to the hypothetical data to determine the sorption parameters.
Figure 59 shows that regardless o f approach used, above a sample length to thickness ratio 
o f 100 the error in using either o f  the one dimensional model approaches is negligible. Below 
this ratio the effects o f edge diffusion are more significant and should be accounted for by 
some correction technique. Interestingly, the linear approximation o f  [89] is slightly more 
accurate than the fitting o f  the one dimensional model i f  the recommended moisture content 
data range (0<m<0.6mr) is used to determine the gradient o f the uptake data. This accuracy 
is quite cosmetic however, as the smaller the range (and consequently the closer to the actual 
situation that the Shen and Springer [89] model represents) the less accurate the linear 
approximation becomes because o f  the asymptotic behaviour o f the m versus Vt curve. This 
is demonstrated quite markedly by comparison o f results using 0<m<0.25mr and 0<m<0.6mf 
as shown in Figure 59. Thus any method which utilises the approximation o f equation (93) 
is dependent upon choice o f the acceptable range o f m; effectively introducing another 
parameter into consideration, although the relative importance o f this parameter is probably 
quite low.
Figure 60 shows the effectiveness o f the correction techniques in reducing the data o f 
Figure 59 to the actual polymer diffusion coefficient. Concentrating on the range o f sample 
length to thickness ratios below 100 it is obvious that the correction technique o f Shen and
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Springer [89] is less accurate than the others due to its sorption addition assumption (see 
section 3.2.4). This is supported by the increasing accuracy o f the [89] approach with 
reducing m range (or Vt domain) as the smaller this range the closer the technique represents 
the assumptions made to develop the correction process.
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Figure 60 Ratio o f  corrected to actual polymer diffusion coefficient: 
predicted by ID  model from hypothetical 3D data
The remaining three correction techniques adequately reduce the Figure 59 data to within 4% 
o f Dp for the entire range o f sample length to thickness ratio. The approach o f Rothwell and 
Marshall [188] is less effective than that o f Grayson [189] as it relies not only on the 
assumption o f equation (93) but also on a geometric correction for the influence o f penetrant 
edge-wise uptake on the through-thickness uptake. This geometric correction is again quite 
dependent on the chosen range o f m but less so than that o f [89], The benefit o f the approach 
o f [188] is that it is quite simple and is non-iterative, i.e. a single calculation is sufficient to 
produce reasonably good results.
The remaining two approaches are iterative. The technique o f Grayson [189] utilises the 
sorption data in the range 0<m<0.6m, to calculate a value o f D from equation (93); from this 
and the m, equated to the maximum value o f m, the data in the linear range is reduced by the 
ratio o f theoretical three dimensional moisture content to one dimensional moisture content 
for each experimental Vt ordinate. The entire process is then repeated until consecutive values 
o f D are negligibly different.
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The iteration o f the technique proposed by this document is less obvious and is included in 
the Levenberg-Marquardt technique. Two iteration loops are utilised, firstly to fit the three 
dimensional model to the experimental data and then to fit the one dimensional model to the 
corrected data. In essence this means that the approaches as proposed and shown in 
Figure 60 are o f increasing complexity and consequently increasing accuracy. To compare 
the accuracy o f the two iteration approaches both were set to allow no more than three 
iterations in any o f their loops. The difference at low sample length to thickness ratios is 
inevitably a result o f [189] utilising the approximation o f equation (93). I f  more than three 
iterations were performed this approach also reduced D back to Dp.
The increases in complexity from that o f [188] to the proposal o f this research hardly seem 
warranted by the increase in accuracy obtained. However, the latter technique has been used 
throughout this document for three principal reasons:
(a) the other techniques are only applicable for fitting Case I mechanics to sorption data,
(b) the latter technique is more mathematically accurate and
(c ) the software to implement it had already been written to perform this investigation.
In future work on isotropic materials where the sorption mechanics are thought to be 
dominated by Case I performance it is suggested that the approach o f [188] would be quite 
adequate bearing in mind that the presence o f experimental errors present in the sorption data 
would eliminate the additional accuracy o f the iterative techniques. Should the sorption be 
non-Fickian and a one dimensional model be required for parameter estimation, the approach 
outlined here should be adopted to reduce all o f  the experimental data to one dimension 
before fitting the model. Ideally full three dimensional models should be utilised and fitted 
to the sorption data. However, many o f the one dimensional models proposed to account for 
sorption performance are not easily translated into three dimensions, forcing consideration o f 
the one dimensional case.
5.3.4 CORRECTIONS FOR A FRC
The same comparisons may be made for a FRC, although additional information regarding 
the relationship between principal diffusion coefficients is required. For the sake o f the
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comparison o f the correction techniques, two FRCs o f differing lay-ups are considered. The 
calculation o f the theoretical relationships between principal diffusion coefficients is discussed 
in a following section (5.4.4).
(a) Composite 1 - [0]4: V f = 0.6, Dx = 0.400Dp, Dv = 0.259Dp and D, = 0.222Dp
(b) Composite 2 - [0, 90]s: V, = 0.6, Dx =  0.330Dp, Dy =  0.330Dp and D, =  0.222Dp
Hypothetical theoretical data was again created using equation (47), a polymer diffusion 
coefficient o f 1 x 1 0 mm2/s and the respective laminate sorption properties. The one 
dimensional models were used to calculate D/ which was then converted back to a measured 
value o f polymer diffusivity (D). In this way the ratio D/Dp could again be used as an 
assessment o f the effectiveness o f  the respective correction techniques.
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Figure 61 Uncorrected polymer diffusion coefficient: 
predicted by ID  mode! from hypothetical 3D FRC data
Figure 61 shows that both laminates, like the neat resin, are well approximated by either o f 
the one dimensional models for sample length to thickness ratios greater than 100. The same 
figure also shows that the edge effect is slightly dependent on lamina orientation through its 
effect on the relationship between the principal diffusion coefficients. For sample length to 
thickness ratios less than 100 an edge correction technique must be employed to predict 
accurately Dp from the sorption data using a one dimensional model.
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Figure 62 Ratio o f  uncorrected to actual polymer diffusion coefficient: 
predicted by ID  model from hypothetical 3D I 'RC data
The correction technique o f Rothwell and Marshall [188] is not shown in Figure 62 as the 
only form o f this correction available is applicable solely to isotropic materials (from [189]). 
Figure 61 does show though, that the data corrected by the method o f [89] is slightly closer 
to the ideal solution for the FRC materials than for the isotropic material. This is easily 
understood as the isotropic prediction was underestimating the solution for Dx = Dv = D , ; by 
increasing the relative uptake through the edges o f the sample in the FRC, by making Dx and 
Dv > Dz, the [89] correction approaches D/Dp = 1 much more rapidly (with respect to sample 
length to thickness ratio). Flowever, once the prediction results in D/Dp > 1 the FRC 
correction errors increase compared to those o f the isotropic material; this is also noticed in 
[189] which suggests that it is related more to the errors o f equation (93) than o f the 
correction process. Again this is understandable as equation (93) is developed from for the 
situation where, given three dimensional uptake, Dx and Dv « D,. Consequently, increasing 
Dx and Dy results in an over prediction o f the value o f Dz.
The currently proposed correction technique is able to avoid these problems and remains 
accurate for all combinations o f principal diffusion coefficient ratios provided the data is 
reasonably well represented by Fickian mechanics.
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5.4 R ELATIO NSH IP  BETW EEN PR IN C IPAL  DIFFUSION COEFFICIENTS  
IN A FRC
5.4.1 TRANSVERSE DIFFUSION COEFFICIENT TH ROUGH  A REGULAR FIBRE  
A R R A Y
A uni-directional FRC has three principal diffusion axes which may be orientated to the 
cartesian axes as shown in Figure 63. The fibres and matrix are considered to be 
homogeneous and isotropic thus making the composite diffusion coefficients perpendicular 
to the fibres equivalent. Fick's law for the steady state condition with no x-axis concentration 
gradient then reduces to a two dimensional elliptic equation:
£>22
d2c + d2c 
I dy2 dz2
= 0 (94)
where D22 represents the transverse diffusion coefficient o f the FRC.
Figure 63 Principal lamina diffusion axes
The distribution o f fibres is commonly assumed to be either a tetragonal or hexagonal packed 
array [89, 135, 175], The unit cells o f these regular arrays are shown in Figure 64 with r and 
e representing the fibre radius and unit cell eccentricity respectively. The one dimensional 
diffusion steady state boundary conditions for these cells are shown in Table VII.
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Hexagonal
r+e
1—► Y 
Tetragonal
r+e
Figure 64 Regular fibre array unit cells
Table VII Boundary' Conditions fo r  Regular Racked Array Unit Cells
Param eter H exagonal U n it C ell T e tra gon a l Unit Cell
Concentration
(c rgm *)
at z=0  c=0 
at z=V 3 (r+e ) c=C
at z=0  c=0 
at z= (r+ e ) c=C
Concentration
Gradient
(dc/fhv.g/m4)
at y=0  &  (r+ e ) dc/dy°0
on fibre/matrix dcfHS =0 
boundary
at y=0  A  (r^ e ) dctdy=0
on fibre/matrix r c r n = 0  
boundary
where n indicates a direction normal to the surface o f  the fibre
Combining equation (94) and the law o f conservation o f mass within a control volume, the 
volume average flux ([F ]v) parallel to the z axis within each o f the cells may be written as:
[ T ] y  ~ -D,  [F t ] -  -D , - T —  (95)
iV htMgonal y / 3 ( r  + C )  iV *<raxonal ( f  + e )
To homogenise the fibre and matrix contributions into a composite relationship the flux within 
the cells is integrated to produce an alternative expression for the volume average flux:
[F J  = -  f  (F. * F A d V  = i f  f  | f  ] dV,\ (96)
I ‘ J y J y \  b  *r) y [ J y p P { d y }p  p  J  y ,  f [ g y } f  /
where the subscripts f  and p represent the fibre and polymer properties respectively. As the
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fibres are assumed not to absorb the penetrant, equations (95) and (96) may be combined to 
give:
Dp C (r  + e)
for both unit cells. The solution to the volume integral is obtained through use o f FE 
analysis, utilising eight node isoparametric quadrilateral elements to model the composite 
matrix, and applying the boundary conditions listed in Table VII as shown in a typical model 
in Figure 65.
Concentration = C
Figure 65 Typical finite element model fo r  a tetragonal array unit cell
The result o f solving equation (97) at varying unit cell volume fractions is shown in Figure 66 
(compared with the tetragonal fibre distribution models discussed in the review o f this topic 
in section 3.2.5.2) and in Figure 67 (compared with experimental data from various sources).
Figure 66 shows that the FE approach provides quite a good correlation with the other 
numerical method (i.e. Augl and Berger [135] - AD I finite differences) and a reasonable 
match to the complex electrical conduction analogy o f [175], It also suggests that the thermal 
conduction analogy o f  [89] is less than adequate in a purely theoretical sense.
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Fibre volume fraction 
Figure 66 Tetragonal FE  mode! comparison to models o f  [89, 135, 175J
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••
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Figure 67 FE model comparison to data o f  [89, 135, 175, 193, 194/
The comparison o f the various models to the experimental data o f Figure 67 does not provide 
definite evidence to the correctness (or not) o f any o f them due to the significant scatter o f 
the data. Unsuprisingly, the experimental data obtained by the respective theoretical model 
authors tends to support their model to the detriment o f other models. The FE approach 
seems to represent adequately all o f the experimental data except that o f [175], Figure 67 is 
unable to accurately represent the total volume o f experimental data presented because o f the 
similarity between many o f the points. The small pie-graph does show however that the 
majority o f data are between or below the hexagonal and tetragonal model predictions which
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does raise concern over the data presented by W oo and Piggott [175]. The experimental 
results o f  section 6.7.2 suggest that the ratio o f D22/Dp is affected by environmental conditions 
which may explain the spread o f data in Figure 67. In future calculations the hexagonal and 
tetragonal models are considered to provide upper and lower bounds for the ratio D22/Dp and 
where a definitive value o f D22/Dp is required the average o f these two model predictions is 
used.
5.4.2 TRANSVERSE DIFFUSION COEFFICIENT THROUGH A RANDOM  
FIBRE DISTRIBUTION
5.4.2.1 DEVELOPM ENT OF A  THEORETICAL RAND O M  FIBRE D ISTRIBUTION
After a thorough literature search it was noticed that the effect o f irregular fibre packing on 
the sorption kinetics o f a fibre reinforced system does not seem to have been investigated 
adequately so as to verify the use o f regular array models. As such, typical unit cell fibre 
volume fraction distributions were determined by a hard-core Gibb's process simulated in a 
manner following Ripley [277]. A  control volume o f known bulk fibre volume fraction was 
constructed using a hexagonal regular packed fibre array with approximately 200 
representative fibres (see Figure 68). The hexagonal array was chosen to start with due to 
the higher probability o f  such an arrangement existing, especially at higher sample bulk fibre 
volume fractions [135]. From this array, fibres are removed and replaced randomly within 
the confines o f the control volume (edges permitted to overlap - see Figure 69).
The significant difference between the method o f [277] and that used for this research is the 
region into which the fibre may be translocated. Ripley [277] allows the fibre to move to any 
position within the control volume provided no other fibre is occupying that region whereas 
the new process retains the latter requirement but uses a reduced square region, centred on 
the original position o f the fibre, o f side length r .(l-V r) (where r is the mean fibre radius) into 
which the fibre may be moved. This reduces processing time as the smaller translocation 
region increasing the probability on each fibre movement that the proposed new location will 
be free o f other fibres. Each fibre in the original array is translocated within the control 
volume in this manner once per cycle.
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At the completion o f each cycle o f translocations, the control volume was divided into unit 
cells (size determined by the bulk V, o f the control volume) as shown in Figure 68 and 
Figure 69. The V, o f each unit cell was then determined and a distribution o f such fibre 
volume fractions obtained. The effect o f increasing the number o f translocation cycles was 
assessed and it was found that the unit cell, V, distribution curves remained reasonably 
constant after approximately twelve iterations. These distributions for varying bulk fibre 
volume fractions are shown in Figure 70 and Figure 71.
Control Volume
Fibres )|UJui1 (Ts)
Unit Cell
-► Y
array o f  known Vf
Figure 69 Randomly distributed fibre 
array o f  know n Bulk Vf
0.30
0.25
Sample Fibre Volume Fraction
— Bulk Fibre Volume Fraction - 0.20— Bulk Fibre Vohnne Fraction - 0.40— Bulk Fibre Vohnne Fraction - 0.60
Unit cell volume fraction 
Figure 70 Distribution o f  hexagonal unit cell f  ibre volume fraction at 
various bulk control fibre volume fractions.
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Unit cell volume fraction 
Figure 71 Distribution o f  tetragonal unit cell fibre volume fraction at 
various bulk control fibre volume fractions.
As expected the higher the sample bulk fibre volume fraction the higher the mean unit cell 
fibre volume fraction and the smaller the standard deviation o f the distribution. The 
distributions are not perfectly smooth due to use o f a finite number o f unit cells in the 
examined cross section. A  larger number o f cells would be expected to smooth out the curv es. 
The hexagonal and tetragonal distributions vary only slightly; the tetragonal distribution 
generally exhibiting a lower peak value but greater standard deviation than the hexagonal 
distribution.
5 4.2.2 EXPERIM ENTAL V A L ID A T IO N  OF THEORETICAL DISTRIBUTIONS
While this chapter is concerned primarily with theoretical developments, mention o f the 
experimental validation o f the fibre distribution process seems appropriate prior to utilising 
the approach within further models.
Several samples o f the T800/924 cured samples used for the experimental phase o f this work 
were cut, polished and their cross-sections photo-imaged using a Confocal Laser Scanning 
Microscope (CLSM ) (see Figure 75). These images were then subdivided into hexagonal and 
tetragonal unit cells corresponding to the average fibre radius. The subdivided unit cells o f 
the samples were then analysed to determine the fibre volume fraction o f each cell. Typically 
the images provided a unit cell grid o f approximately 20x25 (for tetragonal unit cells).
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Comparisons between the experimentally obtained distributions and the theoretical 
distributions are shown in Figure 72 and Figure 73 for specific fibre volume fractions.
Figure 72 Variation in hexagonal unit cell fibre distribution for 
bulk sample fibre volume fraction o f  0.60.
Figure 73 Variation in tetragonal unit cell fibre distribution fo r  
bulk sample fibre volume fraction o f  0.65.
While the theoretical and experimental distributions do not match exactly, their similar form 
is sufficient to suggest that the computer generated distribution is both feasible and likely to 
be observed in a real FRC. I f  the number o f unit cells investigated were increased above the 
500(approx) used to generate both the sets o f data it is expected that the distributions would
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be smoother and more similar. With this experimental work demonstrating that the computer 
generated distributions are valid, distributions o f varying bulk fibre volume fraction were 
examined to determine the effect o f the random packing on the through thickness diffusion 
coefficient.
5.4.2.3 M O D ELLING  OF R AN D O M  D ISTRIBUTION EFFECTS
To assess the effect o f the microscopic variation in V f throughout a sample, a finite element 
model o f mesh dimensions identical to the computer generated distribution grid was 
developed. The mesh was constructed o f four node quadratic elements whose diffusion 
coefficients were determined from their respective V f values (allocated according to the 
computer generated distribution) and the corresponding regular fibre distribution unit cell 
model. The analysis shows that the randomly distributed model performs identically (within 
the accuracy o f the calculations) to that o f a sample o f regular packed fibres o f equivalent 
bulk V f. This suggests that it is valid to use the ideal model wherever random packing may 
be assumed and eliminates fibre packing variation as an explanation for differences between 
theoretical and experimental results for transverse diffusion coefficients.
5.4.3 THE EFFECT OF A RESIN LAYER SEPARATING LAMINATE PLIES 
ON TRANSVERSE DIFFUSION COEFFICIENT
Whilst the random distribution o f fibres in a matrix does not appear to affect the transverse 
diffusion coefficient, any non-random packing such as definite resin rich layers will do. In 
pre-preg composites a resin layer often forms between the plies during consolidation. This 
layer is often quite continuous and has been observed within the samples used in this research 
to be in the order o f V2 to 3 fibre diameters wide (when observed). This is consistent with 
resin layers observed in laminate cross section photomicrographs o f other authors (eg. Kellas 
et al [278]) and represents a significant portion o f the thickness o f an individual ply (worst- 
case «10% ). Figure 74 and Figure 75 show a schematic representation o f this resin layer 
formed between two plies o f  randomly distributed fibres with a fibre volume fraction (V f_pIy) 
greater than that o f the bulk composite and a CLSM  image o f the cross sectional phenomena 
being modelled respectively.
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Figure 75 CLSM image o f  resin layer within T800 924 sample
This model was solved using both FE analysis and a more simple approach which accepted 
the accuracy o f the regular packed models and combined these with a consideration o f flux 
continuity within the representative cell described by Figure 74. The diffusion coefficient o f 
plies 1 and 2 are assumed equivalent (D pIy) and within the resin layer the diffusion coefficient 
is obviously that o f the polymer (D p). In the steady state the concentration step from the top 
surface to the top edge o f the resin layer must be equal to the step from the lower resin edge 
to the bottom cell surface, i.e.:
c  - C A = C 2 (98)
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Also the flux across any horizontal surface must be equal:
(99)
Equation (97) may be re-written for the resin layer situation as:
.  ^ ( C - C , ) D p l y * ( C , - C 2 ) D ,  ( 1 0 0 )
c c
Solving equations (98) through (100), where Dp|y is known from the regular array FE model, 
allows the net transverse diffusion coefficient o f the multi-ply cell to be calculated for a 
corresponding bulk composite V r. The bulk V r is related to V f_plv by the relationship V r (bulk) 
= V,-ply(l-R ), where R=hp/(2hply+ hp). The result o f using a random distribution o f fibres 
within the plies (and FE analysis) produced the same values o f Dz/Dp as the simplified 
approach (as expected) which are shown in Figure 76 and Figure 77.
For a V f o f 0.6 a resin layer o f  R=0.1 (hp«0.22hply) thickness can be seen to reduce the 
transverse diffusion coefficient from 0.252 to 0.219 (13%) in the hexagonal model (shown 
as an example in Figure 76) and from 0.242 to 0.195 (19%) in the tetragonal model. This 
reduction in the predicted value o f Dz/Dp is consistent with the majority o f experimental data 
in Figure 67. The presence o f a small resin layer would therefore be sufficient to explain the 
slight over prediction o f  the experimental data by the FE models.
5.4.4 PRINCIPAL DIFFUSION COEFFICIENTS OF A FRC
Within a laminated fibre reinforced composite the through-thickness diffusion coefficient (i.e. 
in the z direction) is simply that o f the individual lamina corrected for the presence o f any 
resin rich layers. However, the diffusion coefficient through the edges is complicated by the 
orientation o f the individual lamina. The diffusion coefficients in the x and y directions may 
be related to the angle between the lamina's fibres and the composite x axis (a )  and, having 
accounted for both the lamina and resin layers in the through thickness diffusion coefficient, 
the same must be done for the edge diffusion.
D
z/
D
p 
D
z/
D
p
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Lines o f constant Vf-ply 
Lines o f constant R
^  Vf-pty -  0.45
Vf-ply — 0.60
Vf-ply = 0.70
Vf-ply = 0.80 
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1.0
Figure 76 Effect o f  resin layer on transverse diffusion coefficient - hexagonal array
Sample bulk fibre volume fraction
Figure 77 Effect o f  resin layer on transverse diffusion coefficient - tetragonal array
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The composite is assumed to be comprised o f N laminae and (N - l )  associated resin layers. 
To homogenise the lamina and polymer diffusion coefficients into a single edge diffusion 
coefficient a one dimensional steady state diffusion model can be used to relate the volume 
average flux to the boundary conditions and model dimensions from which the edge diffusion 
coefficients may be approximated by equation (101), where hpl>. ■ and hp k represent the 
individual ply and resin layer thicknesses respectively.
D x  = -* h
D> = i
N
E D11 Hplyj00^ 0-] + D22hplyjSm2aj
\J“ 1
I N
E D 11 hplyj sir|2 aj  + D22 hptyj COS2 CCj 
\ j =1
N -  1
+ E
k=1
N - 1
+ E DPh,
k = 1
p lpk
(101
This equation is effectively the same as that proposed by equation (54) with the inclusion o f 
the resin layers. In section 5.3.4 two FRC laminates were used for comparison o f the edge 
correction techniques. These two materials shall again be used to demonstrate the effect o f 
lamina orientation and resin layers on the principal diffusion coefficients o f a FRC. Consider 
a four ply composite o f thickness 0.5mm and bulk fibre volume fraction o f 0.6 as shown in 
Figure 78(a).
Ply #1
Ply #2
Ply #3
Ply #4
All dimensions mm
Z
s, to  i—►y  ;
§
Ply #1
Ply #2
Polymer
Ply #3
Ply #4
(a) (b)
Figure 78 Sample schematic fo r  calculation o f  principal diffusion coefficients
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To determine the diffusion coefficient in the z direction the FRC is equated to a two ply 
laminate as shown in Figure 78(b) from which R may be calculated and the value o f Dz 
determined from Figure 76 and Figure 77. The following sample calculations demonstrate 
the development o f the relationship between the principal diffusion coefficients for the two 
FRC laminates.
(a) Principal diffusion coefficients - single ply:
R = ---- ^ = 0.060
2 hply + hp 0.500
_ Vf  _ 0.600
K/-*> “  T ^ R  ~ 1.000-0.060 ~
(102)
Equation (55) gives:
= (1 -  Vf)Dp = 0.362D,, (103)
and from Figure 76 and Figure 77 with R=0:
I >22 {hexagonalmodel, Vf = 0.638) = 0.223Dp 
D 2 2  {tetragonalmodel,Vf=Q.63Q)  =0.201 Dp (104)
£>22 = 0.212 Dp
(b ) Z axis diffusion coefficient - both laminates from Figure 76 and Figure 77:
D z {hexagonal model, R = 0.060) = 0.234 Dp 
Dz {tetragonalmodel, R = 0.060) = 0.210 Dp (105)
-  D, -  0.222
(c ) X  and Y  axis diffusion coefficients - from equation (101)
[0]4 laminate:
[0, 90]s laminate:
Dx = 0.400 Dp 
Dy = 0.259 Dp
Dx = 0.330 Dp 
Dy = 0.330 Dp
(106)
(1 0 7 )
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6  SORPTION CHARACTERISTICS: 
EXPERIMENTAL PROGRAM AND RESULTS
6.1 INTRODUCTION
This chapter describes the materials and processes by which the moisture sorption 
characteristics o f  a FRC have been investigated. Because o f the large amount o f data 
collected (greater than 15000 data points), the raw data is represented by typical results in 
varying conditions. Performance o f the substrate material is investigated in a range o f 
environmental conditions to account for likely in-service exposure environmental conditions, 
in particular:
(a) the sorption characteristics o f the materials in the first sorption cycle (where one full 
cycle comprises absorption and desorption),
(b ) the effect o f  vacuum on desorption performance,
(c ) the effect o f multiple cycles on sorption performance and
(d) the effect o f long term exposure on sorption performance.
The performance o f the adhesives to be used in the adhesive joint investigations were not 
considered as the results o f  another investigation [279] were deemed to supply sufficient 
information for the future joint modelling requirements.
The models investigated for their ability to predict the sorption performance o f an epoxy resin 
and its carbon fibre reinforced composite were:
(a) the classical solution to Fickian diffusion as proposed by Crank [181]:
n2j=o (2 j +1 )2 ,
(108)
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(b) the empirical model o f Berens and Hopfenberg [144] with a linear superposition o f 
a single relaxation process and classical penetrant diffusion:
m = mDe
l { 2 j  + \ f n 2D t \ '
1 -
rc2y=0 (2/ + 1)2
(109)
(c ) and the dual mode sorption model solution to the simultaneous differential equations 
describing the motions o f bound and free penetrant molecules as proposed by Carter 
and Kilber [146]:
1 -
P L e 8 P,
|(2/ + lfrc2Z>f)
(P l+ P d) n*(PL+PD)f- o
+ m,
(110)
Software written to implement a Levenberg-Marquardt curve fitting algorithm was utilised to 
determine the relevant parameters o f the three models as well as to establish the validity o f 
the assumptions on which the edge correction technique and the models themselves are based. 
The averaged parametric results are presented in Appendix A  and are discussed in greater 
detail in Chapter 7.
6.2 AIMS OF EXPERIMENTAL PROGRAM
The aims o f the research were:
(a) to determine the effect o f  material lay-up, environmental temperature and activity,
multiple sorption cycles and long term exposure on sorption characteristics,
(b) to ensure that all assumptions used within the development and fitting o f the
sorption model(s) were valid for the experiments conducted and
(c ) to determine the most appropriate model(s) and accompanying sorption parameters
to predict moisture uptake and loss within a FRC.
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6.3 SAMPLE PREPARATION
6.3.1 MATERIALS
6.3.1.1 FRC SAMPLES
Three different FRCs were utilised in the research investigations. Samples o f two carbon 
fibre reinforced epoxy composites were obtained from the Composite Materials Cell o f  the 
RAF Harrier Maintenance School at RAF Base Wittering. These samples were cut from 
actual aircraft components used on RAF Harrier and Jaguar aircraft and were used to 
determine typical moisture contents o f RAF aircraft FRC structures. For the purposes o f 
identifying these samples in the experimental results they are annotated as H ( «  15.5 mm 
thick) and J ( «  3.25 mm thick) samples.
The FRC material utilised for controlled conditioning experiments was Torayca1' T800 fibres 
embedded in a Ciba Composites Ltd. Fibredux* 924 epoxy resin. Samples were cut from 
master lay-ups o f three different laminate configurations, manufactured by the D RA 
(Farnborough). These lay-ups were:
(a) A  samples: [+45°, -45°, 0°, 90°]s »  1.07 mm thick
(b) B samples: [0°, 90°]s «  0.56 mm thick and
(c) C samples: [0]8, «  1.06 mm thick.
The cure cycles utilised by the D R A  for production o f these master laminates was [280]:
(a) apply 85psi pressure in an autoclave,
(b) heat at 2°C/minute to 180°C,
(c ) hold for 2 hours at 180°C,
(d) cool down at 3°C/minute and finally
(e ) post cure at 180°C for 2 hours with 2°C/minute heat up rate and natural cool down.
The panels were non-destructively-inspected by C-scan at the D RA to allow major defects to 
be avoided when cutting individual specimens.
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6.3.1.2 RESIN SAMPLES
To provide the neat resin samples for the sorption experiments Ciba Composites supplied a 
container o f uncured 924 resin and the following recommended cure cycle [281]:
(a) 30 min Room temp :=> 135°C
(b) 2.5 hrs 135°C
(c) 20 min 135°C ==> 180°C
(d) 2.0 hrs 180°C
(e) Post Cure: 2.0 hrs atl80°C
This cure cycle was recommended by Ciba Composites to produce resin samples with a 
polymer microstructure similar to that o f the matrix in the T800/924 FRC. After numerous 
attempts at producing thin («0.5mm thick) samples the following procedure was developed:
(a) Clean two 5mm thick glass plates with Acetone and then apply ROCOL MRS Non- 
Silicone dry film mould release demoulant.
(b) Lay the glass plates in a vacuum oven at 85°C to preheat.
(c ) Place resin and 0.5 mm thick gasket on ROCOL treated surface o f one o f the plates 
and allow 15 minutes for resin to flow.
(d) Apply vacuum to oven until resin sample is fully degassed.
(e ) Preheat curing oven and 15 kg weights to 50°C
(f) Release vacuum and place the second glass plate on top o f the resin carefully 
applying hand pressure to force any trapped air to the edges.
(g ) Re-apply vacuum to remove air from underneath the top glass plate.
(h) Release vacuum and place glass plate/resin sample under 15 kg weights in curing 
oven and commence cure.
This approach produced samples o f approximately 0.5 mm thickness with little porosity. 
However, the un-cured 924 resin sample supplied by Ciba had significant foreign matter 
content, the effect o f which is difficult to assess. For the purposes o f identifying the resin 
samples they were annotated as R samples.
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6.3.1.3 FIBRE SAMPLES
To verify that the uptake o f moisture was indeed negligible in the T800 carbon fibres, 
separate bundles o f fibres were exposed to hot/wet conditions. The fibres, obtained from the 
D RA as a single roving, were cut into lengths o f 50mm and bundled together loosely until 
the total bundle weight was approximately 0.5g. The bundles were held together by a few 
single fibres tied around the middle o f the bundle. This allowed environmental access to all 
fibre surfaces. The fibre samples were designated as F samples.
6.3.2 S A M PLE  D IM EN SIO N S
6.3.2.1 SORPTION D A T A  SAMPLES
The samples used to obtain moisture uptake and loss curves were o f square planform o f 
varying dimensions. The differing edge length to thickness ratios were used to provide an 
assessment o f the edge diffusion correction techniques. The three (approximate) geometries 
were:
(a) a sample geometry: 15x15 mm,
(b) b sample geometry: 30x30 mm, and
(c ) c sample geometry: 50x50 mm.
6.3.2.2 H YG RO -EXPANSIO N SAMPLES
The literature review discusses the volumetric expansion o f a FRC due to moisture uptake and 
also the concept that some irreversible swelling may remain after a sample 
conditioning/drying cycle. The volumetric effects are difficult to examine with thin samples 
due to the very small dimensional changes in the direction o f the sample thickness (z ) axis 
and the use o f thick samples would have required extended exposure times to obtain 
equilibrium moisture levels. Therefore, samples o f  the C T800/924 laminate were used to 
determine the longitudinal and transverse axial expansions due to moisture uptake using the 
sample geometries:
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(a) d sample geometry: 200x5 mm (fibres aligned to the 200mm length), and
(b) e sample geometry: 200x5 mm (fibres aligned to the 5mm length).
6.3.2.3 SAM PLE ID ENTIF ICATIO N
Samples were identified by the material (upper case letters A , B, C, F, H, J and R ) and 
geometry (lower case letters a though e). eg. a sample o f resin 30mm square = Rb.
6.4 ENVIRONMENTAL CONDITIONING
Table V III  Environmental conditions
E nvironm enta l
C on d ition in g
III-9065  M easured 
conditions
Supportin g  re feren ce  and reported  values Environm ent provided  by:
R l i  (% ) T em p  (°C ) R e f R H  (% ) T em p  ( °C )
D ry 0 (+ 2 ) 25 (± 1 ) [283] 0 25 Powdered P .O .
0 (+ 2 ) 50 (+ 2 ) [283] 0 50
0 ( + l ) 70 (± 1 ) - - -
0 (+ 3 ) 85 (± 1 ) - - -
0 O 1 ) 120 (+ 2 ) - - -
0 0 2 ) 150 (± 1 ) - - -
Vacuum 0 0 3 ) 70 (+ 1 ) - - - Vacuum oven
L a b o ra to ry 56 (± 8 ) 25 (± 4 ) - - - Standard laboratory conditions
A tm ospheric-25 23 (± 1 ) 50 (± 1 ) [282] 22.8 40 Saturated K F .2 H ,0  solution
[282] 21.0 60
Atm osphcric-50 50 (± 2 ) 50 (± 2 ) [283] 48.6 50 Saturated N H ,N O , solution
43 (± 3 ) 85 (+ 2 ) - - -
A tm ospheric-75 75 (± 2 ) 50 (± 1 ) [283] 74.5 50 Saturated NaC l solution
75 (± 2 ) 65 (± 2 ) [284] 74.9 60
75 (± 3 ) 85 (± 2 ) [282] 76.4 80
A tm osphcric-96 96 (± 1 ) 50 (± 2 ) [283] 96.3 50 Saturated K ,S 0 4 solution
96 (± 2 ) 65 (± 2 ) [284] 96 60
94 (± 2 ) 85 (± 2 ) [283] 93.0 102.1
W a te r - 50 (± 1 ) - - - Water immersion
Im m ersed - 85 (± 1 ) - - -
Environmental conditioning chambers containing either saturated salt solutions, powdered 
phosphorous pentoxide or carbon filtered water were stored in standard circulating fan ovens
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to provide the environmental conditions shown in Table VIII. Vacuum conditions were 
obtained in a vacuum oven and the laboratory conditions were as recorded in the tensile 
testing laboratory. A Hanna HI-9065 Thermohygrometer was used to record the relative 
humidity and temperature o f these environments on a regular basis. Table V III also shows 
that the experimentally measured values compare favourably with existing literature [282, 283, 
284].
Figure 79 is a schematic o f the layout o f a saturated salt solution environmental chamber in 
which samples were conditioned. The one incident o f a power failure causing shut down o f 
the ovens and a temperature variation outside o f the listed tolerances occurred when the only 
samples in the ovens were nearing completion o f a drying stage. The loss o f temperature for 
a period o f approximately twelve hours was consequently ignored as it had no significant 
effect on either the sample exposure time or the sample moisture content.
Thermohygrometer probe access
Glass lid (removable)
Lid seal (silicon rubber)
Glass chamber 
Samples mounted in stainless steel wire mesh rack
Figure 79 Environmental conditioning chamber 
6.5 TEST PROCEDURES
6.5.1 TECHNIQUES FOR O BTAIN IN G  SORPTION DATA
Many techniques exist for the measurement o f the sorption characteristics o f polymeric 
materials [92], These methods often use steady state mass transport through a membrane with 
a constant penetrant flux:
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Fz = - O (e )  —  
1 dz
= constant (111)
so that even i f  the diffusion coefficient is a function o f concentration and dddz therefore non­
linear, their product remains constant. Integration across the thickness o f the membrane (25) 
in the common experimental configuration o f concentration upstream o f the membrane being 
held constant at C and downstream at zero gives:
o f 2FZ8 versus C.
Less numerous, but in more common usage are techniques which determine the rate o f 
sorption and desorption o f the penetrant. Most often this is done gravimetrically [57, 75, 87, 
89, 134, 145, 170], but volumetric and other techniques have been used [92], These 
techniques provide sorption data in the form o f  penetrant content against exposure time as 
modelled by the majority o f  kinetic models in Chapter 3. The gravimetric approach has been 
favoured for the obtaining o f sorption data in this research.
A S T M  Standard test method for moisture absorption properties and equilibrium conditioning 
o f  polymer matrix composite materials D5229 [285] provides detailed procedures for 
obtaining sorption data and has, in essence, been followed for this research.
6.5.2 M E A S U R E M E N T  O F S A M PLE  M O IS TU R E  C O N T E N T
Prior to environmental conditioning all samples from which sorption data were to be obtained 
were dried in the 50°C/Dry environmental chamber until no significant weight change was 
recorded (typically 3-4 weeks). The samples in this condition were designated 'dry' and their 
dry weight recorded (W d). They were then relocated to the required environmental conditions 
and their weights recorded as a function o f exposure time (W (t)) to these conditions. The 
average moisture content o f the samples (m (t)) was calculated at each time interval as a 
weight percentage (%w/w) o f the sample dry weight:
(112)
so that an estimate o f the dependence o f D (c) on c can be made from the gradient o f a plot
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6.5.3 MEASUREMENT OF SAMPLE DIMENSIONS
6.5.3.1 SORPTION D A T A  SAM PLES
In the dry condition, samples were left in 
the laboratory environment for ^ five 
minutes to thermally equilibrate prior to 
their geometric dimensions being recorded 
using either a vernier calliper or 
micrometer to an accuracy o f  0.01mm.
Sample edge dimensions were determined 
from the average o f three readings in each 
direction (x and y axes) and the thickness 
from the average o f four as shown in 
Figure 80. These dimensions were used for three dimensional uptake corrections and 
determination o f model parameters. Using these values introduces a small inaccuracy as the 
samples swell when absorbing moisture. The amount o f swelling will be shown to be small 
and hence this approximation is reasonable.
6.5.3.2 H YG RO -EXPANSIO N  SAM PLES
The hygro-swelling sample lengths and weights were recorded initially in laboratory 
equilibrated conditions (L lab and W,ab). Three samples o f each geometry' w'ere then dried in 
the 85°C/Dry environmental chamber until no significant weight change was observed; these 
weights were then recorded as their dry weights (Note: this drying temperature is higher than 
that used for the initial dry conditioning o f the sorption data samples). In this condition the 
samples were thermally equilibrated to the laboratory conditions and their lengths measured 
using a Vernier calliper to an accuracy o f  0.01mm. This dimension was recorded as the dry 
length (L d) and the average extension (A vg .[X ]) due to average laboratory equilibrated 
moisture content (A vg .[m ]) was calculated from:
Y k X
Figure HU Sample dimensions
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Avg.[m] = Average
Idried samples (114)
(  L  -  L
Avg.[X] = Average ——---- - x 100
L j'd
\
1dried samples
The dry length and dry weight o f  the remaining samples were then calculated from:
Avoiding drying the remaining hygro-expansion samples saved significant time in their 
equilibration at greater than laboratory activity levels and eliminated any effects o f drying on 
the moisture induced swelling. When the samples reached their respective equilibrium 
weights their moisture contents were obtained from equation (113) and they were thermally 
equilibrated to laboratory conditions for their axial extension (X ) to be calculated from:
6.5.4 MEASUREMENT OF SAMPLE FIBRE AND VOID VOLUME FRACTIONS
Two techniques were used to determine the fibre volume fraction (V f) o f the sample 
laminates. The first involved acid digestion o f the matrix polymer by an aqueous sulphuric 
acid/hydrogen peroxide mixture according to AS TM  Standard Test Method D3171-76 [286] 
and the second, a simple two dimensional optical image analysis. The images used to 
determine V f were obtained on either a Zeiss-LSM30 confocal laser scanning microscope or 
a Zeiss Axiophot photomicroscope. The image analysis was conducted on a Cambridge 
Instruments Quantimet 970. The results o f  the volume fraction investigations are shown in 
Table IX. Void content o f the material was also determined by quantitative image analysis, 
as proposed by [239], In all the A , B and C sample images investigated the void content was 
found to be negligible, i.e. < 0.01.
1 +Avg.[w]
(115)
1 +Avg.[X]
(116)
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Table IX  Fibre volume fractions in test samples
Sam ple
Lam inate
N um ber o f  cross 
sections op tica lly  
im aged
N u m ber o f  acid 
d igestion  sam ples
V , Standard
deviation
O ptica l A c id  Digest. A v e ra g e
A :  |±45, 0, 9(11, 20 10 0.60 0.62 0.61 0.03
B: |0.90|, 20 10 0.61 0.62 0.61 0.03
C : [«|8 40 0 0.57 - 0.57 0 08
H:|?| 10 10 0.58 - 0.58 0.05
J:|?| 10 10 0.63 - 0.58 0.03
6.5.5 M E AS U R EM EN T  OF RESIN LAYER  DIMENSIONS
The optical images for the fibre volume fraction calculations were also used to determine the 
average resin layer thickness for each o f the A, B and C laminates. Figure 81 shows a 
schematic o f the method by which the resin layer was calculated. For each sample cross 
section examined the total resin layer thickness along several through thickness axes was 
determined from direct measurement from the images. The average resin layer thickness from 
these results then was used as a typical value for all samples cut from the same master 
laminate.
Table X  Average resin layer thickness
Sam ple
Lam inate
Nu m ber o f  cross 
sections exam ined
A v e ra g e  resin 
layer thickness
(j im )
A 5 100
B 5 9.5
c 5 8.5
Figure HI Resin layer thickness schematic
N O T E : The selection o f  upper and low er bounds for each resin
layer along a through thickness axis is very subjective 
and as such these values should be considered 
indicative onlv
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The results o f  these measurements involved significant scatter and should really only be 
considered as approximate due to the highly subjective manner by which the upper and lower 
bounds o f the resin layers along each axial line were determined. Using the typical laminate 
thicknesses from section 6.3.1.1 the values o f the resin layer thickness parameter (R ) for the 
three laminates would be approximately 0.05 representing a reduction in the predicted 
transverse diffusion coefficient by around 7.5% in the worst case.
6.5.6 F IR S T  S O R P T IO N  C Y C L E
On completion o f pre-drying and geometry measurement, samples were placed in the various 
constant temperature/activity environments and their weights recorded as a function o f 
exposure time. No fixed time interval was used instead, a sliding scale was adopted due to 
the relationship o f moisture uptake with the square root o f exposure time. A  minimum o f 
three readings were taken in the region 0<m<0.6mr to provide an accurate representation o f 
the initial sorption slope. The samples were considered to have reached an apparent final (i.e. 
equilibrium) moisture content when three successive weight recordings, over a time period 
not less than one week, varied by less than 0.1% o f the dry weight o f the sample. Once all 
samples within an exposure group met the equilibrium requirement they were removed to a 
0%RH environment to undergo their first desorption half cycle. The weight recording process 
and equilibrium criteria for the desorption half cycle was identical to the absorption cycle.
Samples originally conditioned at temperatures less than 100°C were used to provide details 
o f  elevated temperature desorption. Absorption results for the elevated temperatures were not 
obtained as the environmental chambers were unable to maintain a constant environmental 
activity due to boiling o f the saturated salt solutions. Table X I shows the various conditions 
and sample geometries tested for first moisture uptake and/or first moisture loss half cycles.
The effect o f removing the samples from the conditioning environment on both the activity 
within the environmental chambers and the recorded weight o f the sample was investigated 
to ensure that the adopted process had minimal effect on the sorption data obtained. Four Ac 
samples were used in four separate Atmospheric-96 environmental chambers stored at 50°C. 
These samples were removed for testing at different intervals to assess the effect o f the 
weighing process on the sample moisture content.
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Table X I  Test matrix fo r first cycle absorption (Abs.) and desorption (Des.)
T em p era tu re  ( °C )
E nvironm en ta l SO 65 85 120-125 175-190 200-210
C on d ition in g
Abs. Des. Abs. Des. A bs. Des. Abs Des. A bs Des. Abs. Des.
A tm ospheric-25 A c
Rc
A c
Rc
A lm ospheric -50 A (a b c )
B (abc)
R (ac )
A (a b c )
B (abc)
R (ac )
A (a b c )
B (abc)
R (ac )
A (a b c )
B (abc )
R (a c )
A c Be
A tm osp licric-75 A (a b c )
B (abc)
R (ac )
A (ab c )
B (abc)
R (ac )
A (a b )
B (ab )
R (a c )
A (a b c )
B (abc)
Cb
R (ac )
A (a b c )
B (abc )
Cb
R (a c )
A a
Ba
R (ac )
Be A c
A tm ospheric-96 A (a b c )
B (abc)
R (ac)
A (ab c )
B (abc)
R (ac )
A (a b )
B (ab )
R (a c )
A (a b c )
B (abc)
Cb
R (ac )
F
A (a b c )
B (abc )
Cb
R (a c )
Aa
Ba
Ra
A c Be
W a te r  im m ersed Ba A a
B (ab )
Cb
A a
Cb
A b Bb A b
In -serv ice Hb
Jc
Figure 82 shows that regardless o f the interval chosen, the four samples all produced a similar 
result after 49 hours o f exposure and would all essentially produce the same predicted 
diffusion coefficient (i.e. their recorded moisture content versus Vt data were co-linear). This 
is unsuprising as Figure 83 shows that the 15 minutes the samples were absent from their 
conditioning chambers for weighing becomes increasingly insignificant on the Vt axis. 
Figure 84 increases the expectation o f  co-linearity by demonstrating that the environmental 
chamber activity recorded just prior to both sample removal and return remained ostensibly 
constant. The environmental chamber conditions chosen for this examination are considered 
to represent the worst case as the high activity and low temperature would be expected to take 
the longest time to re-equilibrate after sample removal due to the reduced excitement o f the 
evaporated water molecules in the 50°C container as opposed to higher temperatures. 
Consequently, it was assumed that the weighing process had negligible effect on the uptake 
process. A  similar investigation was conducted for desorption with corroborating results.
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£ 0.8 
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G 0-6o•S
&
S  0.4
O 0.2
0.0
0.0 2.0 4.0 6.0 8.0 10.0
Square root o f  exposure time (Vhr)
Figure 82 The effect o f  differing sample w eighing intervals on sorption data
Number of weighings in 8.5 vlir exposure
♦  9 sample weighings 
■  5 sample weighings
#  3 sample weighings 
A  2 sample weighings
; i i i I i j » I
Square root of exposure time (vlir)
Figure 83 Reducing significance o f  sample 
weighing time with exposure time
1.00
Square root o f exposure time (vhr)
Figure 84 Environmental chamber activity 
level p rior to sample removal and return
6.5.7 C O M PA R ISO N  OF 0% RH A N D  V A C U U M  DRYING
Provision o f a drying environment for in-service applications is often achieved by use o f a 
vacuum. The RAF FRC pre-repair technique is typical o f such a use o f vacuum drying. Prior 
to adhesive bonded repair o f such components, they are placed in a vacuum for 24 hours at 
75°C to reduce the likelihood o f substrate pre-bond moisture affecting the performance o f the 
repair. There are occasional suggestions in reference papers that drying in a vacuum may be 
more efficient than drying in a 0%RH environment due to the reduced atmospheric air 
pressure effectively 'sucking' the moisture out o f the substrate. To establish whether there is 
any difference between the two environments two sets o f experiments were carried out 
(Table X II):
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(a) in a direct test o f the effectiveness o f  the RAF technique, moisture conditioned 
samples were exposed to both Dry and Vacuum conditions for 24 hours so that the 
change in moisture content over this time could be compared; and
(b) samples previously conditioned in the Atmospheric-96 environment were completely 
dried at 125°C in the two drying environments and their weight loss recorded as a 
function o f exposure time to compare the total effect o f the vacuum environment 
against the 0%RH environment.
Table X I I  Test matrix fo r  comparison o f  drying environments
Drying Environment
Environmental 24 hr exposure at 70°C Desorption to dry at 125°C
Conditioning
Dry Vacuum Dry Vacuum
Atmosplicric-50 Ac Ac
Be Be
Atmospheric-75 Ac Ac
Be Be
Atmospheric-96 Ac Ac Aa Ac
Be Be Ba Be
Ra Rc
6.5.8 M U L T IP L E  S O R P T IO N  C Y C L E S
6.5.8.1 M EASUREM ENT OF SAM PLE  M OISTURE CONTENT
A  reduced number o f samples (see Table X III) were repeatedly cycled from dry to an 
apparent moisture conditioned equilibrium and back to diy. The environmental conditions to 
which the samples were exposed remained identical from cycle to cycle to avoid additional 
parameters introduced by any reverse thermal effects [287] that varying the conditions can 
cause. The equilibrium and interval o f  sample weight recording criteria remained the same 
as that for the first cycle as did the measuring process.
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Table X I I I  Test matrix fo r samples submitted to multiple sorption cycles
T em p era tu re  ( °C )
Environm enta l
C on d ition in g
50 85
A tm osphcric-25 A c
Rc
Atm osphcric-50 A (a b c ) A (ab c )
B (abc) J3(abc)
R (ac ) R (ac )
A tm osphcric-75 A (a b c ) A (ab c )
B (abc) B (abc)
R (ac ) R (ac)
A tm osp licric -96 A (a b c ) A (a b c )
B (abc) B (abc)
R (a c ) R (ac )
6.5.8.2 M EASUREM ENT OF H YG RO -EXPANSIO N
The hygro-swelling samples were also cycled from dry to wet and back to dry to determine 
i f  the amount o f  swelling induced by water uptake is affected by the cyclic life o f  the 
samples. Importantly, the amount o f swelling remaining after drying was also recorded to see 
i f  the moisture conditioning induced any irreversible hygro-expansion. Table X IV  lists the 
samples exposed to the multiple hygro-swelling cycles. Equations (114) to (116) were used 
to calculate the moisture content and hygro-expansion o f the samples at the completion o f all 
half sorption cycles.
6.5.9 EXTENDED EXPOSURE TESTS
As the exposure o f the FRC samples in the multiple cycle tests result in the material being 
subjected to the water induced stresses and degradation for only a relatively short time (in 
comparison to actual in-service components) several samples were exposed to the conditions 
o f Table X V  on their second uptake cycle for approximately 6400 hrs («0.75 years).
While even this time period is not large compared to in-service usage, the addition o f elevated 
temperature (85°C) was used to accelerate any degradation processes and provide a
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comparison between the extended exposure samples and the multiple cycle samples to see 
which process most affected the sorption characteristics o f the FRC.
Table X IV  Test matrix for hygro-expansion Table X V  Test matrix fo r  long term sorption 
samples submitted to multiple sorption cycles samples
Tem pera tu re
( °C )
Environm ental
C ond ition ing
85
A tm ospheric-75 C (d c )
A tm ospheric-96 C (d e )
W a te r
im m ersed
C (dc )
T em pera tu re
(°C )
Environm enta l 85
C ond ition ing
A tm ospheric-50 A (abc )
B (abc)
R (ac)
A tm ospheric-75 A (ab c )
B (abc)
R (ac)
A tm ospheric-96 A (ab c )
13(abc)
R (ac)
6.6 RESULTS OF INVESTIGATION INTO THE EFFECT OF MATERIAL
CONSTRUCTION AND ENVIRONMENTAL CONDITIONS
6.6.1 TYPICAL RAW DATA
6.6.1.1 FIRST CYCLE SORPTION
Figure 85 through to Figure 88 present typical first cycle sorption data for the FRC laminates 
and the resin samples at temperatures o f 50°C and 85°C. The figures plot the sample 
moisture absorption (or desorption) as a percentage o f sample dry weight (%w/w) against the 
square root o f exposure time. The 85°C FRC results (Figure 86) exhibit a faster approach 
to the apparent equilibrium level than do the 50°C results (Figure 85). Both figures show that 
the uptake is o f an apparent Fickian form with an initial linear region followed by a levelling 
o ff to the equilibrium moisture content. The accuracy o f this Fickian observation in the
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absorption half cycle can be seen to be most affected by environmental activity level, with 
those samples exposed to the lower activity levels better fulfilling the Fickian criteria than 
those at the higher activities which tend to exhibit a more anomalous form o f uptake. FRC 
desorption appears to be well represented by a Fickian model for all activity exposures.
o 5 10 15 20 25
^Exposure time (v/hr) /Exposure time (/hr)
Figure 85 Firs! sorption cycle data fo r  A and Figure 86 First sorption cycle data fo r  A and 
B samples at 50°C B samples at 85°C
The variation in apparent equilibrium moisture content between FRC samples exposed to the 
same activity level is greatest at the higher activity levels. As each sample undoubtedly has 
a slightly different void and fibre volume fraction from the others, the differing matrix 
contents will result in differing quantities o f moisture absorbed. The higher the concentration 
o f moisture absorbed into the matrix the greater the spread o f data due to the composition
Sorption characteristics: Experimental program  and results 168
differences between samples. From this, the resin samples would be expected to exhibit 
minimal variation in moisture levels between samples which is shown for some data (e.g. the 
85°C data o f Figure 88), but not for others (eg. 50°C results o f Figure 87). The latter 
variation is thought to be a result o f void and foreign matter contamination o f the resin 
samples. Overall the variation in moisture content between similar samples o f both the FRC 
and neat resin was less than 7% o f the moisture content at any given time. This is accepted 
as being a sufficiently low scatter o f data to validate the use o f the generalised fibre volume 
fractions and resin layer thicknesses for the FRC laminates.
5.0
4.0
|  3.0 
<
2.0
£ 1.0
^  0-0
1.0
- 2.0
P--3.0IQ
-4.0
Atmospheric-96
Atmospheric-75
Atmospheric-96
Atmospheric-75
Atmospheric-50
Sample type 
Ra 
Rc
Atmospheric-50
Atmospheric-96
Atmospheric-96
Atmospheric-75
:-50
Atmospheric-25
Sample type
  Ra
  Rc
Atmospheric-25^
Atmospheric-50
Atmospheric-75
v Exposure time (\/hr) ^Exposure time (\/hr)
Figure 87 First sorption cycle data for R 
samples at 50°C
Figure 88 First sorption cycle data fo r  R 
samples at 85°C
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While the composite samples exhibited a Fickian absorption profile the resin samples, as 
shown in Figure 87 and Figure 88 for respective temperatures o f 50°C and 85°C, did not. 
In all but the lowest activity exposures the uptakes were decidedly anomalous, i.e. they did 
not exhibit a levelling o ff  to an equilibrium moisture content as expected for ideal (Case I) 
sorption. A  similar trend is also noticed for the effect o f temperature, with higher exposure 
temperatures increasing the magnitude o f the anomalous behaviour. As with the FRC though, 
the desorption half cycle appears to be well represented by the Fickian form.
The anomalous behaviour could be explained by either o f the two mechanisms associated with 
the relaxation or dual sorption models. The slow relaxation o f the polymer network in the 
presence o f moisture continuously increases the free volume within the network providing 
additional moisture capacity within the resin/matrix structure. The higher activity and 
temperature conditions are then expected to have an increased effect on the relaxation 
contribution by bringing the samples closer to their glass transition temperature, i.e. increasing 
the sample plasticity. This allows the relaxation process to occur more rapidly and makes the 
uptake an increasingly relaxation controlled process in the higher environmental conditions. 
Thus, Figure 88 shows higher moisture uptakes than Figure 87 as the relaxation contribution 
occurs more rapidly in the environment represented by the former.
The other suggestion is that the slow approach to equilibrium in the anomalous uptakes is 
associated with the internal equilibration between bound and free penetrant molecules. In 
fact, some combination o f  model effects could be expected as the increasing relaxation and 
reorganisation o f the network would free additional binding sites for moisture interaction. 
The former mechanism would appear to be the more dominant as the desorption process 
remains essentially Fickian. This is expected as the desorption has no relaxation effects to 
await so that the only real contributor to anomalous desorption is the interchange between 
penetrant molecules becoming bound or free as described by the dual sorption model. With 
the relaxation effects being assumed dominant in the uptake, desorption would then be 
expected to, and indeed does, demonstrate a less anomalous profile.
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6.6.1.2 EDGE DIFFUSION EFFECTS
All four o f the previous figures demonstrate the effect 
the size o f the sample has on the initial moisture 
uptake rate. This is the edge diffusion effect that the 
correction technique o f the previous chapter is 
designed to account for. Figure 89 illustrates that the 
fractional moisture uptake, i.e. the ratio o f 
instantaneous moisture content to final moisture 
content (to eliminate the effects o f varying fibre and 
void content) at any instant in the sorption half cycle 
is marginally higher for the Aa samples than for the 
Ab and Ac samples. The magnitude o f difference in 
initial uptake rates between samples o f varying size in 
the same environmental conditions was rarely greater 
than 10%.
6.6.1.3 TEM PERATURE EFFECTS
A direct examination o f the effect o f temperature is 
made in Figure 90 which plots the sorption data o f 
FRC samples exposed to the Atmospheric-75 
environment at various temperatures. Obvious in this 
figure is the increased rate o f initial moisture 
transport with increasing environmental temperature. 
The equilibrium level for uptake in the temperature 
range 50-85°C is around 1,2%w/w which corresponds 
to the moisture desorbed in the same temperature 
range; around -1.2%w/w. However, the elevated 
temperature desorption results display a far greater 
reduction in moisture content; the additional amount 
o f loss increasing with drying temperature.
'/Exposure time (vlir)
Figure S9 The effect o f  sample size on
A sample sorption in a
50°C Almospheric-96 environment
0 5 10 15 20
^Exposure time (Vhr)
Figure 90 The effect o f  temperature 
on A sample sorption profiles from an 
Atmospheric-75 environment
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This may be interpreted in several ways:
(a) it may suggest that the samples used for the elevated temperature desorption were 
not fully dry when W d calculated, or
(b) the elevated temperature desorption is driving o ff  more than just absorbed moisture 
with the additional material loss perhaps being un-reacted hardener or solvent 
remaining from the cure process.
The first option initially seems unlikely as all samples were subjected to identical drying 
treatment (i.e. 3 weeks at 50°C and 0%RH) so that any moisture loss above that absorbed 
from dry would be expected to be observed at all temperatures. The second option may then 
be favoured as a more rational explanation and has been shown by other authors to be 
possible [79]. This tends to suggest the latter as the dominant mechanism. However, the 
arguments behind the dual sorption model provide a slightly different interpretation o f the first 
hypothesis. As the dual sorption model suggests that penetrant molecules may be bound to 
sites within the polymer network, it is reasonable to assume that at the relatively low drying 
temperature o f 50°C, insufficient energy is supplied to the system to remove all bound 
penetrant molecules or to maintain the removal at a recognisable rate. Elevated temperatures 
may then be sufficient to supply the requisite energy to drive the remaining (or a portion o f 
these) bound molecules out resulting in a moisture loss greater than that absorbed. Whether 
the explanation for the additional moisture loss is attributed to suggestion (a) or (b) (or a 
combination thereof), with or without the support o f the dual sorption model, it appears that 
this additional amount lost is finite as the two higher temperature results seem to reach a 
second equilibrium level o f around -1.6%w/w.
6.6.1.4 E N V IR O N M E N TAL A C T IV IT Y  EFFECTS
Figure 91(a) examines the effect o f atmospheric moisture activity on the uptake o f an Ac 
sample at 85°C. These results may be translated into uptakes based not on the percentile dry 
weight o f the FRC (%w/wC) but percentage dry weight o f the component resin (%w/wR) by 
use o f equation (5). Figure 91(b) shows these revised uptake curves in direct comparison 
with Figure 91(c), the equivalent profiles for the resin samples. The level o f uptake estimated 
from the composite results tends to be higher than the neat resin for a significant portion o f
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the exposure time even though the Ac samples are almost twice as thick as the resin samples 
with principal diffusion coefficients in the order o f 40% those o f the resin. Figure 91(c) 
suggests though, that i f  the test were to have continued to longer exposures, the resin samples 
(especially at the higher activity levels) would have absorbed proportionally more moisture 
than the FRC polymer. The explanation for these phenomena is most likely related to the 
location o f moisture in the FRC and the relaxation effects within the neat polymer. The FRC 
is thought to have preferential sorption sites possibly in the low cross linked density region 
surrounding the fibres. This region may also exhibit an increased rate o f transport. This 
would result in the principal diffusion coefficients o f the FRC being greater than those 
predicted by theoretical means and a more Fickian sorption profile. The relaxation 
contribution to the neat resin uptake results in a slower approach to the equilibrium level than 
in the FRC matrix which has its relaxation restricted by the fibres. Should the neat resin 
samples not reach the equilibrium level o f the FRC matrix, this would add support to the 
concept o f the additional sorption opportunities afforded by the interface region as such a 
reason would be required to explain the ability o f the relaxation restrained FRC matrix to 
absorb more moisture than the neat resin.
^Exposure time (\/hr) v7Exposure time (Vhr) VExposure time (v/hr)
(a) (b) (c)
Figure 91 Sorption profiles o f  B and R samples at B5°C as functions of:
(a) FRC dry w eight, (h) FRC matrix dry w eight and (c) resin dry weight
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In the comparison between Figure 91(b) and Figure 91(c) and in the edge correction technique 
discussed in the previous chapter, an important assumption is that the fibres are impervious 
to water molecules. Figure 92 shows the average uptake for fibre samples in the 
85°C/Atmospheric-96 environment. Without any other consideration, the data suggests that 
the uptake o f moisture into the fibres is negligible in comparison to that o f  the matrix. When 
the possibility is recognised that a significant portion o f this uptake may attributed to 
adsorption onto the fibre surfaces could not be effectively dried prior to gravimetric 
measurement (because o f the bundling o f  the F samples) the assumption o f impermeable 
fibres is shown to be extremely reasonable.
0.07
o.oo +
5 10 15 20
\/Exposure time f/hr)
Figure 92 Moisture uptake by a T800/924 carbon fibre bundle 
exposed to an 85°C/Atmospheric-96 environment
6.6.1.5 COM PARISON BETW EEN FRC LAY-U PS
The previous chapter has shown that laminate lay-up will affect the principal diffusion 
coefficients the results o f which may be noticeable in gravimetric results in both variation in 
uptake rate and equilibrium moisture content o f  the differing samples. The latter effect is a 
result o f the difference in hygrothermal swelling allowed by the differing laminate 
configurations and the effect this has on the ability o f the matrix to expand and absorb
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additional moisture. Figure 93 shows the sorption o f 
moisture into the three different FRC lay-ups at 85°C 
and varying environmental activity. In this figure the 
x axis ordinate is the square root o f  exposure time 
divided by sample thickness to account for thickness 
effects and the y axis moisture content is plotted as 
percentage weight per dry matrix weight (%w/wR) to 
eliminate the effect o f differing fibre volume fractions 
within the samples. As the figure shows, there is no 
significant difference between the laminates and 
suggests that once the three dimensional diffusion 
effects are corrected for, the parameters derived for 
any o f these laminates may be reasonably expected to 
match those o f the other two configurations.
6.6.2 COM PARISON  BETW EEN DRYING  TECHNIQUES
6.6.2.1 RAF A IRCRAFT FRC MOISTURE CONTENT
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Figure 94 Average drying profiles o f  Harrier and Jaguar FRC component samples
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Figure 93 The effect o f  FRC lay-up 
on sorption profiles
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Prior to analysing the effectiveness o f the RAF drying technique it is o f interest to know the 
level o f moisture which may be present in typical components o f an aircraft. The typical 
sections o f Hamer and Jaguar aircraft supplied by the Composite Materials Cell o f the Harrier 
Maintenance School at RAF Wittering were dried at 85°C for over 6500 hours. The averaged 
results o f this drying are shown in Figure 94. The Jaguar component samples reached an 
apparent equilibrium dry level after loosing around 0.525%w/w moisture. The far thicker 
Harrier samples appear to be approaching an equilibrium level somewhere in the vicinity o f 
0.725%w/w.
6.6.2.2 TW E N TY  FOUR HOUR D RYING
In the direct comparison between drying 
under vacuum and drying in a P2Os 
environment for twenty four hours at 75°C,
Figure 95 indicates that there is negligible 
difference. In all but one sample the 
vacuum environment resulted in a slightly 
higher average (o f  3 samples) moisture loss.
This is not thought to suggest that this 
environment is any better than the P20 5 
technique as the variation in results is 
minute and could have been the result o f 
small differences in oven temperatures or a 
slight loss in the seal for the P20 5 drying Figure 95 Moisture lost in 24 hours o f  drying in 
chamber over the twenty-four hour period. Dry and Vacuum environments
6.6.2.3 G RAVIM ETR IC  COM PARISON BETWEEN VACUUM  AN D  P20 5 DRYING
While the net effect over a twenty-four hour period is essentially the same, it is o f interest 
to determine i f  the rate o f initial moisture loss is affected by the drying environment. The 
elevated temperature o f 125°C was chosen to supply this information as this is a common 
repair adhesive cure temperature. The results shown in Figure 96 again suggest that no 
significant difference exists between drying in a P2O s or a vacuum environment.
1.4 Sample type & environmental conditioning 
1^ A sample: Atmospheric 75
■ B sample: Atmospheric-75 g| R sample: Atmospheric 75 
H A sample: Atmospheric-96■ B sample: Atmospheric-96 
R sample: Atmospheric 96
Vac D ry Vac Dry Vac D ry Vac Dry Vac Dry Vac Dry 
Drying technique
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Figure 96 Desorption profiles for drying in Dry> and Vacuum environments at I25°C
6.6.3 M ULT IPLE  SORPTION C YCLES
6.6.3.1 TYP IC A L  SORPTION D A TA
Figure 97 and Figure 98 present the typical response o f the materials to multiple sorption 
cycles in the two environments o f  50°C/Atmospheric-75 and 85°C/Atmospheric-96 
respectively. In these figures, in all samples, it is seen that the first sorption cycle stands 
alone from the sorption data o f ensuing cycles. The difference between the cyclic curves is 
greater for the more severe environments. Important to the parametric investigation o f these 
effects is the observation that both the rate and the equilibrium quantity o f moisture uptake 
increase significantly from the initial cycle to subsequent cycles. Also, the sorption profiles 
tend to exhibit increasingly Fickian behaviour, the slow' relaxation controlled equilibration 
being replaced by a more rapid Fickian like approach to the newr equilibrium level.
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(a) (b) (c)
Figure 97 The effect o f  sorption cycling on uptake in 50°C Atmospheric-75 environment: 
(a) A samples, (h) B samples and (c) R samples
v/Exposure time (\/hr) 
(a)
'/Exposure time (Vhr) 
(b)
0 5 10 15 20 25
^Exposure time (vlir)
(C )
Figure 98 The effect o f  sorption cycling on uptake in 85°C Atmospheric-96 environment: 
(a) A samples, (h) B samples and (c) R samples
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Preliminary analysis o f these effects may be conducted by examining the variation o f 
maximum moisture content and one dimensional diffusion coefficient (as estimated by the 
expression o f Shen and Springer [89] (Equation (93 ))) over the cycles. Figure 99 through to 
Figure 104 show the effect o f sorption cycling on the estimated absorption and desorption 
diffusion coefficients and maximum moisture content for Ac samples. The figures plot the 
relative variation in these parameters against the cycle number and the dashed lines 
demonstrate the inferred trend o f the data. Although there is some spread o f data, several 
points may be noted. The increase in diffusion coefficient is greatest for the absorption half 
cycle with the desorption diffusion coefficient remaining almost constant (except for the 
higher activity/temperature condition). The magnitude o f the increase in absorption diffusion 
coefficient also appears to be related to both the temperature and activity, with the higher 
exposure levels promoting a greater increase. The absorption diffusion coefficients at both 
temperatures tend to suggest that an equilibrium level is being approached at around the four 
sorption cycle mark. This equilibrium level again seems to be proportional to the 
environmental activity.
2.00
Sorption cycle 
Figure 99 Absorption diffusion coefficient vs
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Figure 100 Desorption diffusion coefficient vs
sorption cycle at 50°( sorption cycle at 50°C
Sorption characteristics: Experimental program  and results 179
2.00
1.75
1 . 5 0 -----------
= 5  1 2 5
u>
J 
<2 100
0.75
Environmental conditioning
B Atmospheric-50 A Atmospheric-75
A Atmospheric-96
85° C
1 2  3 4
Sorption cycle
Figure 101 Absorption diffusion coefficient vs
2.00
1.75
1.50
Environmental conditioning 
■ Atmospheric-50 + Atmosplieric-75 A Atmospheric-96
••3 1-25
45>
"45Q£ 1.00 I
0.75
85° C
Sorption cycle 
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Figure 103 Maximum moisture content vs
sorption cycle at 50°C'
Sorption cycle 
Figure 104 Maximum moisture content vs
sorption cycle at 85°C
The equilibrium moisture content also exhibits an increase with the amount o f cycling the 
FRC is subjected to. The levelling o ff  o f this parameter appears to occur at similar cycle 
numbers as the diffusion coefficient, i.e. at around the four sorption cycle mark. The increase 
in both diffusion coefficient and maximum moisture content may be explained by two 
principal factors:
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(a) an increase in polymer/matrix free volume as a result o f hygrothermal swelling 
during previous uptake half cycles would increase the FRC penetrant storage 
capacity and reduce the steric hinderance to penetrant molecule ingress while,
(b) any fatigue damage as a result o f stresses induced by the water sorption, especially 
along the fibre interface, could result in increased penetrant storage capacity and a 
greater rate o f moisture uptake as a result o f capillary action along the fibre matrix 
boundary.
The former process is suggested by the results since any increase in uptake diffusion 
coefficient due to the latter damage induced mechanism would also be expected to be 
accompanied by an increase in the desorption diffusion coefficient. This effect is seen in the 
samples most likely to incur fatigue damage viz. the 85°C/Atmospheric-96 samples which 
show a marked increase (although not o f the same magnitude) in both diffusion coefficients. 
The swelling explanation accounts for the relationship between parameter increase and 
environmental activity. The higher activity levels result in increased moisture absorption by 
the FRC and a consequential increase in moisture induced swelling.
6 6.3.2 H YG RO TH ERM AL SW ELLING
Saturated moisture content (%w/w)
Figure 105 Moisture induced expansion in C samples in 
longitudinal and transverse directions
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Figure 105 illustrates the dimensional change o f the Cd and Ce samples (Ad/d) for the two 
sorption cycles to which they were exposed. The x axis represents the (equilibrium) moisture 
content o f the FRC. As expected, the dimensional change in the Cd samples is essentially 
zero while a marked change is observed in the Ce samples. The second cycle swelling o f 
each sample is generally o f a slightly higher magnitude than that o f the first, although the 
corresponding equilibrium moisture contents are also slightly higher. The data are weli 
represented by the single power law expression:
—  = 0.365 m13 (117)
d
The quantity o f residual expansion at the completion o f successive sorption cycles is 
investigated in Figure 106 by plotting the residual swelling against the pre-drying equilibrium 
moisture content. Again the Cd samples exhibited no residual swelling within the accuracy 
o f the experimental technique. The Ce samples however, exhibit a residual swelling o f an 
order approximately one tenth that o f the equilibrium swelling level.
Saturated moisture content (%w/w)
Figure 106 Residual expansion at completion o f  drying half cycle in C samples
It is perhaps unwise to automatically assume that this residual swelling is entirely due to 
matrix network re-organisation post-conditioning, as the "dry" level o f moisture in these
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samples is, as previously specified, when the samples change by less than 0.1%w/w over a 
period o f one week; not when the sample returns to W d. This meant that some samples had 
moisture remaining at the end o f the drying half cycles, most likely in some bound form as 
predicted by the dual sorption model. This may be verified by observing the minimum 
moisture content recorded during drying for the same Ac samples as used to determine the 
variation in maximum moisture content in Figure 103 and Figure 104. Figure 107 (50°C) and 
Figure 108 (85°C) show contrasting results, the latter far from those expected. At the lower 
temperature, each successive sorption cycle leaves an increasing moisture content, the level 
o f the remnant moisture being dependent upon the environmental activity to which the sample 
had been exposed.
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Figure 107 Minimum moisture content in Ac 
samples during desorption half cycle at 50°C
Figure 108 Minimum moisture content in Ac 
samples during desorption half cycle at 85°C
The increasing remnant moisture content may be a result o f the combined effect o f relaxation 
and dual sorption. As the samples absorb moisture and swell, the polymer network 
reorganises and frees additional binding sites. The results o f section 6.6.1.3 have already 
suggested that the 50°C drying temperature is insufficient to break some o f the bonds between 
polymer interaction sites and water molecules thus, with the increase in binding sites from 
relaxation a consequential increase in retained moisture is not unexpected. So too is the 
proportionality with atmospheric activity; the higher the activity the higher the relaxation and 
the greater the number o f both freed binding sites and water molecules to interact with these
Sorption characteristics: Experimental program  and results 183
new sites. This addition o f water molecules to the polymer network may then be a partial 
explanation for some o f the residual swelling.
What is not expected is the loss o f sample mass, manifested as a sample moisture loss, over 
the cycles for the higher atmospheric activity levels as shown in Figure 108. As mentioned 
in Chapter 3, mass loss may be from physical loss o f degraded polymer network or, more 
reasonably, from loss o f un-reacted solvents or cure agents. These mechanisms could account 
for the negative post-dry moisture levels while still permitting a residual swelling to be 
observed. However, the elevated drying temperature may also contribute by forcing o ff  water 
molecules previously bonded to the matrix and which were unable to be removed at the lower 
temperature drying condition which preceded the beginning o f the experiment. Figure 107 
indicates that there must be a competing dry weight increasing mechanism which is dominant 
at the lower temperatures. Figure 109 supports this by showing that the dried equilibrium 
weights o f the Ce samples increases both with conditioned equilibrium moisture content and 
by a small amount, with sorption cycling. The quantity o f moisture residue is roughly 
proportional to the equilibrium and residual swelling data.
0.08
%  Cd samples: First cycle
|  Cd samples: Second cycle
%  Ce samples: First cycle  #
■  Ce samples: Second cycle
0.0 0.5 1.0 1.5 2.0
Saturated moisture content (%w/w)
2.5
Figure 109 Residual moisture content in C samples as a function o f  
equilibrium moisture content and sorption cycle
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6.6.4 LO N G  T E R M  EXPO SURE
Figure 110 and Figure 111 show the effect o f long term exposure o f A, B and R samples at 
85°C and varying moisture activity levels. These results highlight the non-Fickian nature o f 
the uptake o f these materials in the higher activity levels as no true equilibrium level is ever 
reached. In both the FRC and the resin, a noticeable downward trend in moisture content is 
observed, especially after 3600 hours. Such apparent moisture loss is unlikely to be the 
samples losing moisture and is far more likely to be the result o f severe material degradation.
^Exposure time (Chr)
Figure 110 Long term exposure o f  FRC samples
^Exposure time (\/hr)
Figure 111 Long term exposure o f  Resin samples
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This assumption can be supported in two ways. The first is obviously to dry the sample to 
examine i f  the loss in moisture content from the maximum exhibited by the sample (m loss) is 
able to be related to the weight loss o f material from the dry condition. The second is to 
examine the material surface for physical evidence o f damage.
Figure 112 Schematic o f  moisture (= % mass) loss comparisons
As the long term exposure samples had previously been exposed to a full sorption cycle, a 
true comparison for mloss is the difference between the second cycle dry moisture content o f 
multiple cycle samples from identical environments and the dry moisture content o f the long 
term exposure samples. This comparison makes two assumptions:
(a) that the mechanism o f moisture loss in the long term samples causing mloss is not 
present in the multiple cycle samples due to their shorter exposure times to the high 
activity environment and
(b) that the loss o f  bound moisture and un-reacted cure species over two drying half 
cycles is identical in both sets o f samples.
Figure 113 and Figure 114 compare mloss to the difference between the second cycle moisture 
contents o f multiple sorption and long term exposure samples. In all samples and conditions 
the values are comparable, with the moisture loss generally marginally greater than the 
difference in dry weights. This difference may be partially accounted for by the moisture 
present in the polymeric material lost through degradation.
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Figure 113 Weight loss comparison for 
A and B samples
Figure 114 Weight loss comparison fo r  
R samples
Figure 115 through to Figure 117 provide physical evidence o f material degradation. The 
higher activity exposed samples exhibited greater damage than those in the lower conditions 
and the figures tend to concentrate on these samples only to indicate the typical form o f 
damage resultant from the environmental exposure. The most obvious form o f degradation 
occurred on the Atmospheric-96 environment exposed samples. After approximately 1500 
hours the surface began to take on a mottled appearance as shown in Figure 115. This 
mottling was also observed but to a lesser extent, on both the multiple cycle samples in the 
same environment (late into the fourth absorption cycle) and on the Atmospheric-75 samples 
in the long term conditioning (just prior to conclusion o f the test). Under a microscope the 
discolouration appeared to be crystalline and it was thought initially to be a deposition o f the 
salt utilised in the saturated solution supplying the conditioning environment. This hypothesis 
was investigated quite carefully as any deposition would obviously have an effect on the 
recorded weight o f the samples and would invalidate all the data previously obtained. Firstly, 
a thorough wash/wipe surface cleaning technique was used since all the salts were extremely 
soluble in water and hence i f  the deposition was o f these salts then it too should be soluble. 
This failed to remove any but the larger crystal structures, which were probably removed 
more through the friction o f wiping than their solubility within the aqueous cleaning 
environment.
Sorption characteristics: Experimental program  and results 187
Figure 115 Surface discolouration on long 
term exposure Atmospheric-96 sample: 
Gauge length = 200pm
\ >8t.
" I ..:,o . •
Figure 117 Resin cracking obsen>ed only in 
Atmospheric-96 exposed samples: 
Gauge length = 20pm
Figure 116 Moisture induced damage: 
fihre-matrix interfacial cracking on an 
Atmospheric-96 sample .Gauge length = 50pm
Advanced surface analysis techniques were then used to establish i f  the mottled samples 
exhibited a higher proportion o f the solution salt on their outer surface than a sample which 
had been exposed to no other environment than a silica gel maintained desiccator. The results 
o f the investigation by Secondary Ion Mass Spectroscopy (SIM S) were inconclusive but X- 
Ray Photoelectron Spectroscopy (XPS ) analysis showed that there was no significant 
difference between the surface composition o f the samples in the two different environments. 
This leads to the assumption that the discoloration is a result o f matrix degradation and could 
be associated with the leaching out o f the reagents as previously mentioned.
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The surface damage in the samples that exhibited significant discolouration was identical to that 
o f the Atmospheric-75 samples, only o f a greater magnitude. It is unlikely that the discolouration 
caused the increased damage present in these samples. They were exposed to a more severe 
environment and would be expected to exhibit increased degradation over that o f the Atmospheric-75 
samples. Typical damage was seen to be interfacial cracking between the surface fibres and the 
polymer matrix. This supports the idea that the interface in a likely region for increased water 
storage, transport and consequently, water induced failure. The Atmospheric-96 conditioned samples 
also exhibited quite small resin cracks (shown in Figure 117) which were not observed in 
samples exposed to the lower activity environments.
6.7 ASSESSMENT OF MOST APPROPRIATE SORPTION MODEL
6.7.1 CALCULATION OF SORPTION PARAMETERS
A  Fortran 77 program (M O D E L F IT ) was written to implement the Levenberg-Marquardt 
model fitting algorithm for the sorption data obtained in the experiments. The program firstly 
fits the full three dimensional Fickian model to allow the data to be reduced to one dimension 
by the correction technique described in Chapter 5. Once the data are reduced, M O D E L F IT  
determines the most appropriate parameters for the three proposed models. Appendix A  
includes the averaged results for the model parameters for all samples tested. The following 
discussion chapter will analyse the data presented in this appendix fully while this section will 
discuss the typical results o f  the model fitting process and the validation o f both the model 
fitting and edge correction underlying assumptions. M O D E L F IT  was bench-marked for 
accuracy by separately creating hypothetical data from the three models for varying sample 
configurations and then determining the parameters used to create this data through the 
algorithm incorporated within M O D E L F IT . In all cases the parameters determined were 
within 1% o f those used to create the data and this was deemed acceptable. The errors were 
assumed to be caused by computational rounding errors during the estimation process.
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6.7.2 EV ALUATION OF EDGE DIFFUSION CORRECTION
The use o f one dimensional models to predict sorption characteristics relies upon the ability 
to eliminate edge diffusion effects. The correction technique o f Chapter 5 aims to do this by 
altering the raw three dimensional data by the ratio between theoretical one dimensional and 
three dimensional Fickian sorption. The accuracy o f this technique is obviously important 
to the quality o f the final parameters estimated from M O D E L F IT
3.0 Absorption Temperature
■ 50’C
■  65" C
| 8S*C
- - F -  +
Theoretical
prediction
A  Samples B Samples
Figure 118 FRC transverse diffusion 
coefficient to polymer diffusion coefficient ratio: 
A & B samples - A hsorption
A  Samples B Samples
Figure 119 FRC transverse diffusion 
coefficient to polymer diffusion coefficient ratio: 
A & B samples - Desorption
The edge diffusion correction technique relies upon an ability to reduce the Fickian three 
dimensional diffusion model to two parameters by establishing a relationship between the 
FRC principal diffusion coefficients and the matrix diffusion coefficient. Figure 118 and 
Figure 119 examine the accuracy o f this calculation by plotting the ratio o f the A  and B 
T800/924 FRC sample through thickness diffusion coefficients to 924 resin sample diffusion 
coefficients. The values o f these parameters are as obtained by the Fickian one-dimensional 
model from edge diffusion corrected data (quoted in Appendix A ). They show that in all 
cases the experimental data exceeds that o f the theoretical prediction {i.e. all the data is above 
the hexagonal model curve o f Figure 67). For the absorption data, the magnitude o f the error 
increases with both temperature and activity o f exposure. This latter error is easily explained 
as result o f the Fickian model being a poor approximation to resin uptake in the higher 
temperature/activity environments, resulting in a significant under prediction o f the resin
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diffusion coefficient. Marom [170] and Blikstad [184] both report similar results. In both 
these references the existence o f  a region o f enhanced diffusion along fibre boundaries is 
suggested to explain the differences. This enhanced interphase region would increase both 
D n and D22 in the FRC laminae and subsequently, the principal diffusion coefficients.
W oo and Piggott [175] have considered the effect o f such an enhanced diffusion region on 
the transverse diffusion coefficient through complex numerical analysis. They suggest that 
the effect o f such a region is best examined through the parameter y which is equal to the 
product o f the ratios o f interphase thickness to fibre radius and interphase diffusion coefficient 
to polymer diffusion coefficient (f-Dj/rDp). This combines the two difficult to assess variables 
o f tj and Dj, in a single parameter. W oo and Piggott then demonstrate that above Dj/Dp=10 
the transverse diffusion coefficient (D 22) is nearly independent o f D;. For the example that 
[175] uses (a FRC with a fibre volume fraction o f 0.64) this effect is shown in Figure 120 
for two differing values o f y.
The results o f [175] then suggest that it is not unreasonable to expect the transverse diffusion 
coefficient o f the FRC samples to be greater than that predicted by the theory. The concern 
that such an observation does raise though, is that the ratios between FRC principal diffusion 
coefficients may be affected by the enhanced diffusion region. Any change in these ratios 
may then result in the edge correction technique being invalid. The effect o f Dj on these 
ratios may be assessed by examining its effect on the ratio o f principal diffusion coefficients 
o f a lamina (i.e. D u/D22). Equation (55) may be rewritten to account for the effect o f  an 
interphase on the diffusion coefficient parallel to the fibres:
D 11
jD
=  (1 ~Vj) -2 V j D£  _
D,
(118)
The results o f this equation are shown in Figure 120 but o f greater interest is the effect o f 
Dj/Dp on D n/D22 as shown in Figure 121. This shows that D22 increases at a greater rate than 
D n for the increasing enhancement o f diffusion coefficient surrounding the fibres. This 
interphase region thus causes an overcorrection in the sorption data as the ratios o f Dx and 
Dy to Dz within the FRC would decrease. This eliminates inadequate edge correction as a 
reason for the FRC transverse diffusion coefficients o f Figure 118 and Figure 119 being 
greater than that expected from theory.
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Di/Dp
Figure 120 The effect o f  interphase diff usion on the 
FRC principal diffusion coefficients ( I )22 data from  /175])
1.8
Di/Dp
Figure 121 The effect o f  increasing interphase diffusion coefficient on the ratio 
o f  lamina principal diffusion coefficients
The effect o f the reduction in D n/D22 on the transverse diffusion coefficients predicted from 
the experiments was examined by considering hypothetical sorption data for a [0]8 laminate 
(V,—0.64 and principal diffusion coefficients in the absence o f an interphase o f D22=0.212 and 
D n=0.36) with varying D n/D22 ratios. These results, shown in Figure 122, indicate that the 
percentage error in the transverse diffusion coefficient calculated from sorption data with no 
consideration o f the effects o f the interphase, decreases with sample width to thickness ratio. 
For the sample geometries considered in this research such errors are expected to be less than 
3%. These observations confirm the validity o f using the theoretical FRC principal diffusion
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coefficient ratios derived from the work o f the previous chapter even in the presence o f an 
enhanced diffusion region.
Sample length to thickness ratio (f/h)
Figure 122 Error in calculated FRC transverse diffusion coefficient as a result o f
reduction in 1) n D 22 ratio
The effectiveness o f the correction technique was evaluated by considering samples in the low 
environmental moisture activity levels (Atmospheric-25 and Atmospheric-50) as they provide 
quite Fickian like data. This data was then fitted by both the three dimensional and one 
dimensional Fickian models, in the latter case both before and after the edge correction had 
been employed. Figure 123 and Figure 124 show the results o f this parameter estimation by 
plotting the percentage difference between the one dimensional predicted through thickness 
diffusion coefficients (both from corrected and uncorrected data) and the three dimensional 
predicted diffusion coefficient.
Figure 123 which shows the results for the A  and B FRC samples, demonstrates that as the 
edge length to thickness ratio increases the uncorrected one dimensional predicted diffusion 
coefficient converges to the three dimensional prediction. The same figure shows that the 
corrected data when fitted by the one dimensional model produces the same result as the three 
dimensional model. This is to be expected from samples that are w'ell represented by the 
three dimensional Fickian model, but as the technique is to be utilised for samples over a 
wide range o f conditions in which anomalous behaviour has already been demonstrated, a 
more thorough evaluation o f the technique is required.
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A  source o f error in the correction technique occurs when the three dimensional model is a 
poor fit to the actual sorption data. Fortunately the region in which the three dimensional 
Fickian model is unable to accurately fit the anomalous behaviour is generally at moisture 
levels above m = 0.75mc which at the temperatures investigated, corresponds to a sufficiently 
long exposure time so as to make any correction in this region negligible.
v Drying time ('/hr)
Figure 125 Typical magnitude o f  correction to sorption data o f  Aa samples
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Figure 125 shows this lack o f significance in edge correction at high exposure times for 
sample data both well represented and poorly represented by the Fickian model. Thus with 
the sources o f error being shown to be negligible, the edge correction technique is assumed 
to be valid and the one dimensional data created applicable for all models.
6.7.3 SENSITIVITY COEFFICIENTS
Previous work on sorption characteristics have used the models o f Berens and Hopfenberg 
[80, 68] or Carter and Kilber [87] to provide sorption parameters for anomalous behaviour 
in FRCs and resins. In each case the models were fitted by use o f linear simplifications to 
the models or hand-drawn lines o f best fit. While all references state that determining the 
model parameters simultaneously is both the most reproducible and mathematically rigorous 
method, none attempt such a procedure, undoubtedly due to the difficulty in fitting all four 
o f the respective parameters. Equally so, no adequate reason is ever provided for not 
attempting such an estimation process other than the dubious statement that the results are 
comparable ( i f  they are comparable that must mean the technique had been employed at least 
once and then discarded in favour o f a less rigorous method?).
An explanation o f the difficulty in estimating the parameters simultaneously is easily 
provided. I f  we consider the mathematical model as a general function m(t:b) where b is a 
vector o f B parameters, the sensitivity coefficient for each separate parameter is calculated 
by the first derivative o f  m with respect to the parameter (b,) [288]:
s ( b ) = d m i m  
db ,
Sensitivity coefficients indicate the magnitude o f change o f the response o f m to perturbations 
in the value o f the b, parameter. It is these functions that the Levenberg-Marquardt algorithm 
relies upon to provide the information for the y2 merit function minimisation. Beck and 
Arnold [288] suggest that in any model fitting process the sensitivity coefficients should be 
plotted against the independent variable(s) (in this case t) i f  their shapes are not obvious. The 
reason for this graphical observation o f the functions is that the parameters may only be 
estimated from a curve fitting technique i f  the sensitivity coefficients over a range o f 
observations are not linearly dependent (i.e. no linear function o f them will sum to zero).
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Figure 126 Sensitivity coefficients for the four models fitted by M O D  E L F  IT
Figure 126 shows the variation o f the sensitivity coefficients for each model for a typical set 
o f data with the optimised values o f the respective parameters. As [288] notes, the criterion 
for determining parameters without ambiguity requires them to be linearly independent. In 
the practical case o f the sorption data, the corollary to this is that there must exist a region 
in which the coefficients are linearly independent and not proportional to other coefficients 
to allow M O D E L F 1 T  to estimate the parameters effectively. For the two Fickian models 
such a region exists in the range 0<Vt<201n'; and consequently the estimation process is 
unambiguous and accurate. This is not so for the other two models.
The relaxation model has an obvious problem in the region 20hr <Vt where any relaxation 
effects would expect to be noticed and the relaxation associated parameters accurately 
determined. While not necessarily linearly dependent in this region the two moisture content 
parameter sensitivity coefficients are sufficiently proportional to make differentiation between 
their effects almost impossible. Depending on the model parameters either submitted to the 
Levenberg-Marquardt algorithm as initial estimates or iterated to in the merit function 
minimisation, the same proportionality may also occur in the region 0<Vt<20hr: making any 
attempt at simultaneously determining mDe and mRe extremely unreliable. To reduce the 
extent o f this problem the Berens and Hopfenberg model was rewritten as:
F IC K  ID
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m = <hmA 1 -
| (2/ + l f n 2P / j '
(1 20 )
+
by setting mDe= OmA and mRc= (l-0 )m ,v
Then, by dividing all the sorption data by the difference between the reported maximum 
moisture content and m, (as an estimate for the difference between the equilibrium moisture 
content and m, (m v)), the model was reduced to three parameters O, Q  and D. However, 
Figure 127 shows that the sensitivity coefficients for this new model, while not proportional, 
are similar throughout the exposure period. This results in the accuracy o f <t> being quite 
dependent upon the initial estimate. To overcome this problem the initial estimate o f O is 
iterated through a realistic range o f 0.4 to 1.0 throughout which the yj merit function was 
monitored. The parameters from the initial estimate o f <t> that produced the minimum merit 
function are then chosen as the most appropriate values. Normally, all initial estimates 
converge to the same parameters and only on very few occasions did the O parameter 
converge to a value outside the iteration range. This occurred as a result o f starting well 
away from the true value, i.e. from either o f the outer iteration limits, 0.4 or 1.0, when the 
appropriate value was at the other end o f the range or i f  a secondary merit function minima 
was closer to the initial estimate than the primary minima.
0 5 10 15 20 25 30 0 5 10 15 20 25 30
^Exposure time (/hr)
Figure 127 Sensitivity coefficients for the revised Berens and Hopfenberg model
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With O determined (and subsequently fixed) the remaining parameters were then evaluated 
quite easily as the sensitivity coefficients for the revised Berens and Hopfenberg model with 
O fixed all exhibit sufficient regions in which they are non-proportional to each other as 
shown in the second graph o f  Figure 127. Consequently, the parameters reported for the 
Berens and Hopfenberg model are me (=  mA+ rrij), D, O  and Q.
The Carter and Kilber model also provides difficulties in parameter estimation due to the 
proportionality o f the PL sensitivity coefficient with, initially, the sensitivity coefficient o f  D 
and then with the coefficient o f PD. To overcome this problem a comparison between the 
long term limits o f the relaxation model and the dual sorption model was investigated. In the 
instance where (7TDt/h2) » l  the models simplify to:
Berens and Hopfenberg'. m (t ) ~ <E> me + (1 -  <5)^(1 -  e Qt)
Carter and Kilber: m{t )  ~ me
P  e~P[)t
1 - S i d —  
(P L + P » ) i
( 121)
As noted in the literature review on the development o f these models (sections 3.3.3.1.2 and 
3.3.2.2) they are quite similar and can be equated to produce excellent initial estimates for 
PL and PD:
p
L <X> ( 1 2 2 )
Use o f these initial estimates allows the Levenberg Marquardt algorithm to successively 
converge on appropriate parameter estimations for all but a few samples (Note: noil- 
convergent results were discarded). As initial estimates have been shown to be quite 
important in the parameter estimation it is o f  interest to note that the estimates used for the 
through thickness diffusion coefficient and the equilibrium moisture content for all models 
were obtained from equation (93) (using moisture contents up to 0.5) and the maximum 
reported moisture content respectively.
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6.7.4 V ALIDATION OF MODEL ASSUMPTIONS
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Figure 128 Validation o f  the simplifying 
assumptions o f  the Carter and Kilber mode!
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The simplification o f the full Carter and Kilber model relies upon the assumption that PD and 
P, are both much less than the ratio ttD/Ii 2 (= A ) while the parameter estimation o f the model 
relies upon the initial approximations o f Equation (122). The first condition is examined in 
Figure 128 by plotting the ratios o f P, and P1} to A for all the samples tested in all conditions 
and sorption cycles. This shows that the assumption is valid and that the simplified model 
is acceptable for use with the FRC and resin samples. The accuracy o f the initial estimates 
is shown in Figure 129 by examining the unity o f ratios -PD/f2 and P, (1 -<t>)/(PL+PD). For the 
majority (>95%) o f samples the estimates are within an order o f magnitude which is quite 
acceptable.
6.7.5 TYPICAL SORPTION MODEL FITS TO EXPERIMENTAL DATA
The fit o f each model to each set o f experimental data is unable to be shown in a concise 
form thus requiring the use o f typical results to demonstrate the key results o f the model 
fitting process. Sample data for B and R samples are examined in all combinations o f 
temperature and environmental activity for both absorption (Figure 130 to Figure 133) and 
desorption (Figure 134 to Figure 137). The best fit approximations to this data from the three
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models is then superimposed providing a qualitative impression o f the accuracy o f the model 
(Note: In the case o f models producing similar fits the lines tend to overlap and only one line 
may be visible. In these cases the Carter and Kilber and Berens and Hopfenberg models are 
almost completely identical).
As expected from examination o f the raw sorption data, the Fickian model is a reasonable 
approximation for the samples at low activity/low temperature conditions during uptake. The 
FRC data is better suited to such a model than the resin data although the difference between 
the three models for the FRC in these conditions is negligible. The resin data shows a slight 
drift upwards in the region where the Fickian model expects equilibrium. This is predicted 
by both the Carter and Kilber and Berens and Hopfenberg models. The Fickian model 
remains acceptable at the higher temperatures for uptake into the FRC in the low activity 
environments. This is probably due to the magnitude o f any relaxation effects being small. 
These effects are more pronounced in the resin samples in such environmental conditions and 
the Fickian model tends to under predict the maximum moisture content (and hence the 
diffusion coefficient) although the Fickian model does account well for the initial rate o f 
moisture uptake. The non-Fickian models are both able to represent the anomalous uptake 
o f the resin with great accuracy. In such cases the Carter and Kilber model tends to predict 
a greater equilibrium moisture content and time to such moisture content than the Berens and 
Hopfenberg model although the diffusion coefficients o f these two models are similar. The 
difference in time to equilibration is a result o f pre-multiplying the Fickian summation term 
(in the Carter and Kilber model) by the ratio PD/(PL+PD).
The Fickian model becomes increasingly inaccurate for both the FRC and resin data with 
increasing activity while the two non-Fickian models remain capable o f representing the 
sorption data. As noticed in Chapter 3 and section 6.7.3 o f this chapter, the similar form o f 
the Carter and Kilber and Berens and Hopfenberg models means their predicted profiles are 
essentially identical, the only difference occurring towards the end o f a sorption uptake half­
cycle where the relaxation model tends to predict an earlier equilibration than the dual mode 
sorption model. In the FRC the Fickian model is almost acceptable in the low activity 
conditions but fails to account for the upwards drift in the data in the higher activity 
exposures. It is totally unacceptable for the resin data which exhibits increasingly anomalous 
profiles which only the non-Fickian models are able to represent.
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/Exposure time (vlir)
Figure 130 Modelling moisture uptake in low 
activity low temperature conditions
v/Exposure time (/hr)
Figure 131 Modelling moisture uptake in low 
activity high temperature conditions
v'Exposure time (/hr) /Exposure time (/hr)
Figure 132 Modelling moisture uptake in high Figure 133 Modelling moisture uptake in high 
activity' low temperature conditions activity high temperature conditions
The difference in resin uptake between Figure 132 and Figure 133 emphasises the effect the 
temperature has on the relaxation contribution to the sorption data. At the level o f 3%w/w 
the lower temperature data exhibits an equilibration in the diffusion controlled uptake; the 
continuing uptake is maintained by the slow relaxation effect. The higher temperature data 
also exhibits a change from diffusion controlled uptake to relaxation controlled uptake at the
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same moisture level. In this case, the higher temperature results in the relaxation effects 
occurring much quicker and the second stage o f uptake occurs more rapidly than in the lower 
temperature condition.
5 10 15 20 25
vExposure time (vhr)
30
Figure 134 Modelling moisture loss in low 
activity low temperature conditions
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Figure 135 Modelling moisture loss in low 
activity high temperature conditions
v Exposure time (/hr)
Figure 136 Modelling moisture loss in high 
activity low temperature conditions
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Figure 137 Modelling moisture loss in high 
activity high temperature conditions
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During desorption the effects predicted by the relaxation and dual sorption models are not 
apparent and the Fickian model is an extremely good fit in all environmental conditions. 
Only in samples conditioned in high activity {i.e. high pre-dry activity) environments do the 
three models show any noticeable difference in the sorption profiles predicted. The Fickian 
model tends to over predict the rate at which the data equilibrates whereas the non-Fickian 
models are able to account for this slower than Fickian approach to the dry condition. This 
is most obvious in the low temperature FRC and higher temperature resin results. Both non- 
Fickian models provide explanations for this phenomenon:
(a) From the high activity equilibration condition (i.e. a condition in which the samples 
contain relatively high moisture contents) the initial moisture loss occurs from a 
region close to the surface o f the sample. The diffusion controlled loss is through 
a dilated polymer network most probably at a greater rate than in a non-swollen 
network. As the moisture is lost the outer layers gradually contract to the residual 
swelling level and effectively reduce the rate at which moisture, still within the 
sample, may diffuse out.
(b) From a condition o f equilibration between bound and free penetrant molecules, the 
outer layer free molecules are lost. In an attempt to regain equilibrium, bound 
molecules become free and are subsequently lost to the dry environment. This 
condition is initially diffusion controlled but as the moisture level decreases the 
moisture loss becomes controlled by both penetrant bound to free translocation and 
diffusion o f the free molecules, again effectively reducing the rate o f moisture loss.
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7 SORPTION CHARACTERISTICS: DISCUSSION 
AND CONCLUSIONS
7.1 INTRODUCTION
The investigations described in the preceding two chapters were aimed at obtaining 
information regarding the sorption characteristics o f the T800/924 FRC. In particular, the 
experiments have focused on establishing the moisture sorption mechanisms o f the FRC so 
that the most appropriate method may be chosen to model these sorption characteristics. In 
Chapter 6 three models were chosen in order to be investigated for their applicability to the 
sorption behaviour a FRC. These models were chosen to enable three general assumptions 
to be investigated:
(a) that the moisture sorption characteristics o f a FRC are essentially ideal diffusion 
governed (Fickian model),
(b) that they are affected by a matrix relaxation mechanism (Berens and Hopfenberg 
[144] model), and
(c ) that a dual mode o f sorption exists in the matrix with some water molecules being 
bound to preferential binding sites while others are diffused within the matrix 
network (Carter and Kilber [146] model).
This chapter continues the discussion o f the experimental sorption results but concentrates on 
the selection o f a model (or models) for the sorption performance o f  the FRC and the 
predictions that this/these model(s) make regarding the performance o f the FRC in varying 
conditions.
Initially the numerical method by which the most appropriate model(s) were chosen is 
described. The results o f the numerical method are found to support the subjective 
comparisons made in the previous chapter. The transverse swelling o f the FRC is then 
compared to a simple analysis and shown to indicate that significant quantities o f the moisture 
present in the FRC are absorbed by non-ideal mixing. With models for material properties 
(eg. the Kelley/Bueche model for the variation o f Tg with moisture content [268]) relying
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upon the assumption o f ideal mixing between the polymer and penetrant, the swelling data 
is used to provide an assessment o f the quantity o f moisture actually mixed in an ideal 
manner. The effect o f the material lay-up, environmental conditions and sorption cycling on 
the principal diffusion parameters (i.e. the diffusion coefficient and the equilibrium moisture 
content) follows, with limited discussion o f the secondary parameters o f the relaxation model 
and the dual sorption model also made. Finally, equations for the variation o f equilibrium 
moisture content with environmental activity and transverse diffusion coefficient with 
temperature are provided as the governing sorption characteristics for all future considerations 
in this research.
7.2 'G O O D N ESS-O F-FTT  O F  TH E  S O R PT IO N  M O D ELS
Before considering the variation o f the FRC sorption characteristics, the most appropriate 
sorption model must be established. Section 5.2 describes in detail the Levenberg-Marquardt 
algorithm utilised to determine the sorption parameters o f the models investigated in this 
research. This function provides an error estimate for each model in the form o f the common 
X2 merit function. This in itself is unable to assess the 'goodness-of-fit' o f a model as it is 
dependent upon the number o f  parameters included in the model and the number o f data 
points to which the model is fitted. This is not to say that %2 cannot provide an assessment 
for an individual set o f data; a 'moderately' good fit would show x2 approximately equal to 
the degrees o f freedom o f the modelled system (i.e. the number o f data points (N ) less the 
number o f model parameters (M )) [276]. However, this obviously makes comparison between 
models difficult, as each set o f sample data has a different number o f data entries and the 
models have differing numbers o f parameters.
Section 5.2.2 has shown that the merit-function (x2) is related to the probability o f the 
experimental data existing assuming that the chosen model correctly represents the physical 
process. The variation o f this probability may be determined for different values o f the 
minimised x2 function and is known as the x2 distribution for N-M  degrees o f  freedom. 
Press et al [276] provide extensive discussion on this function and provide a Fortran77 
program to calculate it. They propose also that while the above relationship is only true for 
models with linearly related parameters, the assumptions generally hold true for non-linear 
models as well. The computed function (Q ) provides a quantitative measure for the goodness-
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of-fit o f a model and is related to the probability that the merit-function should exceed the 
calculated value o f x2 from the fitted data i.e. the closer that the value o f Q is to one, then 
the better the goodness-of-fit o f the model. I f  Q is small then differences between the model 
and the experimental data are unlikely to be experimental variation and suggests that:
(a) the model is wrong,
(b ) the size o f the measurement error used to determine the merit function is larger than
quoted, or
(c ) the measurement errors may not be normally distributed (an assumption used to
develop the x2 merit function).
This third cause is quite common and allows models to be accepted with values o f Q as low 
as 0.001. Models that are definitely incorrect w ill show computed values o f Q as low as 10'18 
[276]. In contrast, models that show a value o f Q around 1 usually suggests an 
overestimation in measurement errors for the data. The values o f Q for all the models, 
samples and conditions are shown in Appendix A. There is distinct variation from values o f 
around 0.9 for all three models in the low temperature/low humidity conditions to less than 
10~20 for the Fickian predictions to the resin data in high temperature/high humidity desorption 
conditions. The variation o f this parameter forced additional consideration o f  the 
experimental errors associated with the gravimetric measurement o f the sample weights (i.e. 
the sample moisture contents). This was especially necessary for the high temperature 
desorption data for which none o f  the models demonstrated acceptable values o f Q. The 
measurement errors were found to be related to the sample thickness, testing temperature, 
moisture distribution, the diffusion coefficient o f  the sample, the length o f time that the 
sample was removed from the conditioning environment and the Laboratory environment in 
which the samples were weighed. The analysis and the experimental validation o f  the 
weighing process in section 6.5.6 indicate that the errors are small for the lower temperature 
conditions but increase dramatically with temperature. Complete elimination o f all these 
errors can only be achieved by avoiding the need to remove samples from their conditioning 
environment for the gravimetric analysis (especially in the higher temperature tests) although 
they may be reduced by using extremely thick samples although this increases the time for 
equilibration o f the samples to an impractical level. Future experimentation for high 
temperature desorption would best be carried out in a sealed thermal balance. It must be
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noted that while the size o f possible experimental error increases with temperature, this in no 
way discounts the use o f the high temperature data, it only requires that the numerical 
assessment o f goodness-of-fit consider any deviations in experimental data relative to the 
possible deviations caused by experimental methods as opposed to material performance.
While the possible sources o f error causing the low predictions for Q in the high temperature 
desorption data have been identified, they were too complex for the magnitude o f the 
associated experimental error to be estimated. Hence same error as used for the low 
temperature data was used i.e. a value based on the known inaccuracy o f the micro-balance 
used to weigh the samples. Also, without sufficient time to develop an experiment to 
eliminate the high temperature experimental errors a less than ideal 'by-eye' comparison was 
used to establish the accuracy and suitability o f the sorption models under these conditions. 
Fortunately the subjective evaluation o f an appropriate model was made easier by the 
consistency o f the results in the lower temperature and lower humidity environments and 
combined to allow the following assessments o f goodness-of-fit to be made:
(a) The Fickian model is acceptable for representing the absorption o f moisture into the 
FRC at low temperatures and/or low humidities (within the range o f conditions 
investigated).
(b) A  better approximation and fit to the experimental data is given by either the Berens 
and Hopfenberg [144] or Carter and Kilber [146] models for all the absorption 
conditions investigated.
(c ) The Fickian model is totally unacceptable for the absorption o f moisture into the un­
reinforced Ciba 924 resin in all conditions except in very low environmental 
humidity conditions.
(d) The Berens and Hopfenberg and Carter and Kilber models provide a good fit to the 
resin data in all absorption conditions.
(e ) A ll three models provide acceptable fits to the desorption data although, as the initial 
moisture content o f the samples increases the Fickian model becomes less o f a good 
fit in comparison to the other two (due to its inability to represent the variation in 
sorption profile around the equilibrium moisture content - discussed in section 6.7.5).
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These results match with the subjective observations made from the typical sorption profiles 
o f section 6.7.5 and supports the use o f more rigorous numerical assessment for determining 
the comparability between experimental data and theoretical models. The results also provide 
the supporting evidence for the choice o f sorption model to be used throughout this research. 
For absorption, the data o f the Berens and Hopfenberg or Carter and Kilber models will be 
used (Note: the principal sorption characteristics o f these two models are essentially identical). 
For desorption, although it looses accuracy in the extremely high temperatures (>125°C - but 
still remains acceptable), the Fickian model shall be used both for simplicity and for because the 
validity o f some o f the assumptions used to develop the other two models may be questionable for 
the case o f desorption.
A  choice between the Berens and Hopfenberg and Carter and Kilber models is difficult to make because 
their mathematical similarity means a numerical assessment o f their goodness-of-fit predicts 
similar applicability o f  each model in all conditions. The comparison then falls back to a 
subjective assessment o f the principal secondary mechanism affecting the absorption o f moisture 
in FRCs. From the data presented in Chapter 6 matrix relaxation appears to have more o f an 
effect than any dual sorption process. This suggests that future research o f moisture 
absorption in FRCs should consider the empirical model o f Berens and Hopfenberg (or 
similar) as a starting point. As the experimental data indicates that dual sorption processes, 
while tertiary in significance, may also be occurring in the FRC, development o f a model 
which combines relaxation and dual sorption processes in an unambiguous way seems a 
logical progression for theoretical modelling.
7.3 SWELLING AND MOISTURE VOLUME FRACTION IN THE FRC MATRIX
I f  all the moisture absorbed by a FRC matrix is assumed to contribute to swelling (i.e. ideal 
mixing) it is possible to estimate the longitudinal extension (Ad/d) o f a unidirectional 
laminate. The extension o f the matrix compares to the transverse extension o f the FRC by 
the ratio o f the matrix volume fraction (viz 1-Vt):
A d ) 1 Ad (123)
FRC -  transwrse
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In the absence o f fibres the extension o f the polymer matrix along any axis is approximately 
equal to one third o f the volume change o f the matrix:
A d 
d p -  no fibres
A V
3 ( V I
(124)
where AV  is the volume change o f the matrix and (V 0)p is the original matrix (polymer) 
volume. Assuming ideal mixing, AV is equal to the volume o f water absorbed and equation 
(124) may be re-written in terms o f  the matrix moisture content (m p (% )) and density (pp) and 
the density o f water (pH2o ):
( A d ) ni
< d  )p - no fibres 3p Htp  100
(125)
The FRC is assumed not to swelling along its axis parallel to the fibres. This is equivalent 
to compressing the matrix in this direction which, because o f Poisson's effects, will contribute 
to the transverse extension o f the matrix (and hence FRC). The effective compressive load 
(°H2o) is Siven bY:
° h 2o  ~  E p
A d
d
- E  —
m.
p -  no fibres 3  P h 0o  ^ 3 0
(126)
where Ep is the polymer elastic modulus. The transverse extension o f the matrix is then equal 
to:
A d
d p -  transverse
A d '
d L
° h 2o  ^  ( 1  + v p ) p ^  m p
p p
p -  no fibres p 3 Ph 0o  ^ 30
(127)
which combined with equation (123) gives the expected transverse extension o f a FRC 
(assuming ideal mixing o f the moisture and the polymeric matrix):
(  A d '
I d SFRC ~ transverse
(1 -K/H1 mp
3p h?o ^30
(128)
where the moisture content (%w/w) o f the polymer. Equation (128) may be written in terms 
o f  the FRC moisture content using equation (5) to give:
Ad  
d 'FRC
( 1 + v ) P jrftC m FRC
3p H0O ^30
(129)
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Figure 138 Comparison o f  experimental and theoretical FRC transverse extension
Figure 138 shows equation (129) compared against the line o f best fit for the FRC 
experimental data (reported in Figure 105) and shows that the FRC expands far less than that 
expected from the theoretical prediction. The initial rate o f expansion is less than expected 
because the mixing o f the water is less than ideal as a portion o f the moisture is absorbed into 
micro-voids within the polymer network and does not contribute to the swelling. As these 
voids are filled the rate o f swelling increases and approaches that expected from the 
theoretical model. Accepting that the difference in the two lines is due to non-ideal mixing, 
the actual quantity o f moisture absorbed into the polymer network that contributes to effects 
such as swelling and reduction o f the glass transition temperature, may be estimated by back 
substituting the equation for the transverse swelling (equation (117)) into the preceding 
equations to give:
A V _ 0-365 Pfrc mfrc 3 (130)
(V0)p "  (1 - K , )p „ 2O100
where AV now represents the quantity o f w;ater ideally absorbed into the polymer matrix at 
any observed FRC moisture content (mFRC).
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7.4 SORPTION EQUILIBRIA  PER FOR M AN CE  OF THE FRC
7.4.1 THE EFFECT OF FRC L A Y -U P
Environmental activity 
Figure 139 Comparison o f  equilibrium moisture content o f  A and B samples
Figure 139 compares the equilibrium moisture content o f A  and B samples for their first 
uptake cycle as predicted by the Berens and Hopfenberg model (essentially the same values 
as the Carter and Kilber model). In the lower temperature exposure it appears that their 
maybe a consistent difference in the predicted equilibrium value with the results for the B 
samples tending to be slightly higher. Since this effect is not observed in the 85°C data it 
is proposed that the difference at the lower temperatures is due to the thinner dimensions o f 
the B samples and their consequent increased rate o f approach to equilibrium. The A  samples 
obviously required a slightly longer exposure for the relaxation or dual sorption effects to be 
well approximated by either o f the models. For the remainder o f the research the lay-up o f 
the FRC is assumed not to affect the equilibrium moisture content although it may affect the 
rate o f moisture uptake, or the degree o f anomalous behaviour observed in the uptake profiles, 
because o f thickness effects.
7.4.2 THE EFFECT OF EXPOSURE TEM PERATURE
Ideally the temperature should not affect the equilibrium moisture content o f either the FRC 
or the neat resin. Figure 140 indicates that the FRC equilibrium moisture content appears to 
be unaffected by the temperature o f exposure but that the neat resin data is significantly
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affected. This result suggests that the temperature effects observed in the resin samples are 
caused by relaxation o f the network, a process prevented from occurring to any significant 
amount in the FRC by the presence o f the fibres. The temperature has the effect o f increasing 
the rate o f relaxation o f the polymer which in turn allows the higher temperature exposure 
{i.e. more highly expanded network) to absorb greater amounts o f moisture than the lower 
temperature samples. The increased swelling may be caused by both the increased 
plasticisation o f the polymer due to the elevated temperatures and the increased osmotic 
pressure o f the absorbed moisture.
T800/924 FRC 924 neat resin
0.75 =0.95 0.75 =0.95
Environmental activity
Figure 140 The e ffect o f  temperature on the equilibrium moisture content o f  the 
FRC and the neat resin samples
It is not expected that the differences shown in Figure 140 can be explained entirely by these 
two effects rather, the inability o f the Berens and Hopfenberg or Carter and Kilber models 
to represent fully the second order moisture uptake mechanisms (relaxation or dual mode 
sorption) is thought to be the significant factor. Although not investigated in this research, 
extended exposure at the various temperatures would be expected to show a reduction in the 
differences between predicted equilibrium moisture contents. As the mechanisms causing the 
difference in equilibrium moisture contents o f the polymer samples are shown to have 
negligible effect upon the FRC, for the remainder o f the research the equilibrium moisture 
content is considered to be unaffected by the temperature o f environmental exposure.
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7.4.3 THE EFFECT OF M ULT IPLE  SORPTION CYCLES
The literature review reported that the effect o f multiple sorption exposures is to increase the 
equilibrium moisture content o f a polymer due to the formation o f a more expanded polymer 
network (see section 2.1.2.3). This effect is observed in both the FRC and the neat resin as 
shown in Figure 141 and Figure 142. The FRC tends to exhibit a single step increase in the 
quantity o f moisture absorbed when exposed to environments o f an activity equal to or greater 
than 0.75. The performance o f samples in the lower environmental conditions remained 
essentially constant with cycling. This suggests that the moisture contents absorbed by 
samples in the lower activity exposures are ineffective at expanding the matrix network. The 
swelling data supports this argument and it is interesting to note that it is in the region 0- 
1.0%w/'w FRC moisture content that the sample swelling is most different from the predicted 
model. This region coincides with the samples that exhibit little ( i f  any) increase in moisture 
uptake with cyclic exposure. This may be associated and has been linked with moisture being 
absorbed into existing porosity within the matrix network and thus not contributing to the 
swelling and consequent increase in equilibrium moisture content with cycling.
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Figure 141 The variation o f  FRC equilibrium moisture content with cyclic exposure
The neat resin does not show a step increase but shows an equilibration in the higher 
temperature exposed samples. The FRC samples at both 50 and 85°C appeared to reach their 
new expanded microstructure in one exposure cycle. The 85°C resin samples however, appear 
to take around three cycles to reach this molecular arrangement. This is undoubtedly due to 
the increased relaxation available to the neat resin in the absence o f fibre reinforcement. The
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50°C resin samples are still showing an increase in moisture content with sorption cycling 
after four cycles which exhibits clearly the effect o f temperature on the relaxation o f the 
polymer. As these 50°C resin samples are still showing an increase in equilibrium moisture 
content after four cycles suggesting that they have yet to reach their equilibrium matrix 
microstructure. The observations o f the environmental effects on the sorption performance 
o f the polymer while not applicable to the FRC in terms o f magnitude, would suggest that 
similar processes are occurring in the FRC matrix but only to a small degree due to the 
relaxation limitations o f the fibres.
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7.4.4 TH E  E FFECT OF E N V IR O N M E N T A L  A C T IV IT Y
7.4.4.1 EXPOSURE TO W ATER VAPOUR
O f the various models presented in Chapter 2 that may be used to describe the sorption 
isotherm for a polymer/penetrant system, the modified dual sorption law o f equation (14) has 
been chosen to provide an expression for the variation o f moisture equilibrium content with 
environmental activity for the FRC. Because the neat resin samples were shown to not reach 
their full equilibrium values no attempt was made to model this data. Obtaining the 
parameters for the sorption isotherm equation proved to be a complex process due to the 
extreme non-linearity o f equation (14). In fact, although a significant number o f references 
quote the expanded version o f the dual sorption model (i.e. a sorption model combining the 
Flory-Huggins diffusion and the Langmuir preferential absorption contributions) and suggest
0.50 0.75 0.96 0.43
Environmental activity
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that it is the most appropriate form, only one reference has been found to actually calculate 
the parameters for this model. Hernandez el al [105] provide a detailed discussion o f the 
sorption o f water vapour into amorphous polyamide and importantly provide a technique by 
which the isotherm parameters may be calculated. For this research the algorithm has been 
adapted to use the Levenberg-Marquardt method described in Chapter 5 for the calculation 
o f a merit-function as opposed to the less efficient regression technique used by [105], A  
simplified version o f the Flory-Huggins equation is used to estimate the value o f the 
polymer/penetrant interaction parameter (x d) using only the sorption data in the upper activity 
levels where the Langmuir contribution is assumed to be small (a>0.5). A  ±25% tolerance 
on this first approximation provides a range o f values for the interaction parameter at each 
o f which the remaining model parameters (bL and CL) are calculated along with the 
corresponding merit function. The combination o f parameters which provide the minimum 
merit function were then selected as the most appropriate model parameters. The 
consideration o f sensitivity coefficients is included in [105] and explains why this extended 
approach is necessary over a simultaneous assessment o f the three parameters. The major 
difference between the method o f Hernandez el al [105] and that used in this research (asides 
from the numerical techniques used to generate merit functions for the goodness-of-fit o f the 
models) is that Hernandez el al determine the estimated value o f the interaction parameter 
using data with a>0.4 and then use only the data in the range a<0.4 to determine the best fit 
for the remaining parameters. This research uses the full activity range to examine the fit o f 
the sorption equilibria model for each value o f chosen to investigate. There were two 
reasons behind this:
(a) the experimental work has produced only a small quantity o f data in the region 
a<0.4 and any parameters determined using such a small set o f data would be 
dubious, and
(b) it was though more appropriate to determine the merit function for the fit o f the 
model over the entire activity range as opposed to the limited activity region where 
either o f the Flory-Huggins or Langmuir components may overshadow the variation 
in the other and cause a poor fit outside this range.
The technique has proven to be quite successful and sorption isotherms for both the first 
sorption cycle and subsequent cycles (combined in one equation) have been evaluated.
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Technically, because the data includes equilibria values at more than one temperature (as 
temperature was shown to not affect the equilibrium moisture level for the FRC) the equation 
should not be referred to as an isotherm. This technicality aside, the predicted model 
parameters and the resultant lines o f best fit are shown in Table XV I and Figure 143 
respectively. Although the individual sample data were used separately to calculate the model 
parameters, Figure 143 shows only the averaged experimental results for a given 
humidity/temperature/cycle to avoid clutter.
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Table X V I Modified dual mode 
sorption model parameters
Parameters First cycle 
sorption
Subsequent
cycles
Interaction parameter
(Xd)
1.962 1.836
Langmuir capacity 
constant (C L)
2 .405xl0 ‘3 1.116x103
Langmuir affin ity 
constant (bjJ
54.99 881.1
Figure 143 Sorption data and models for the FRC
As no other authors appear to have produced equivalent parameters for a FRC, no comparison 
to the results o f Table XVI are possible. They are certainly comparable to the values 
predicted by Flernandez et al [105] for the polyamide (1.7, 0.0041 and 95.2 respectively) and 
the interaction parameter is similar to that reported by Mensitieri et al [80] for various 
epoxies (2.6 and 2.0). It is expected that the presence o f the fibres will modify the value 
compared to that o f the matrix and suggests that this is a possible area for future research. 
Also note that 110 units are given for the Langmuir component parameters as their exact 
physical meanings and consequently their dimensions are undefined.
Sorption characteristics: Discussion and conclusions 216
7.4.4 2 W ATER  IMMERSION
Immersion o f a sample in water was seen in Chapter 6 to represent an independent sorption 
condition and consequently is not predicted by the isotherms o f the previous section. Only 
first cycle uptake was conducted for the water immersion samples and the equilibrium level 
predicted by the Berens and Hopfenberg model was found to be approximately 2.37 for A, 
B and C samples. This compares well with samples used for the investigations into 
mechanical properties and joint strengths which were immersed for far longer periods than 
the samples used to determine the above figure. The Fickian model under-predicted the 
moisture uptake by around 0.3% because o f its inability to model the relaxation the extreme 
environment allows the FRC. The results here differ from those o f Soutis and Turkmen [145] 
who report an equilibrium moisture content for water immersion o f a T800/924 FRC o f 
around 1.4% (see Figure 30). Their low value may be the result o f a slightly higher fibre 
volume fraction for their samples (*0.65) and its consequential effect on the relaxation o f the 
matrix or more likely a leaching mechanisms may be occurring simultaneously with the 
moisture uptake due to the exposure o f the samples to boiling water.
7.4.5 PR E D IC T IN G  P E N E T R A N T  C LU S TE R IN G
With the parameters o f the modified dual 
sorption model known, the cluster integral o f 
equation (20) may be calculated. Figure 144 
shows that the cluster integral (G ) suggests 
that penetrant molecule clustering will occur 
above activities o f 0.65-0.75 depending on 
the cycle o f sorption. Again no detailed 
analysis o f clustering in either polymers or 
FRCs was found in the literature and a 
comparison o f this value to others is therefore 
impossible. However, this result provides a 
confirmation o f the swelling prediction o f 
non-ideal mixing as a polymer/penetrant system that mixes ideally will show no tendency 
towards clustering.
Environmental activity 
Figure 144 Clustering function for the FRC
Sorption characteristics: Discussion and conclusions 217
7.4.6 ADDITIONAL SORPTION PARAMETERS
7.4.6.1 R E LA X A TIO N  MOISTURE UPTAKE
The Berens and Hopfenberg model allows examination o f the supposed moisture content 
absorbed into the FRC due to the relaxation o f  the matrix. Figure 145 shows that this 
relaxation moisture content appears to be dependent upon the sample type.
This could be the result o f two effects:
(a) the A  samples, because o f a slightly higher matrix volume fraction, reduced axial
stiffness and a thicker average resin layer could physically expand more than the 
stiffer B samples and/or
(b) the Berens and Hopfenberg model may be unable to distinguish the relaxation
contribution from the diffusive contribution to the overall moisture uptake in the A  
samples.
In practice it is probably a little o f each as visual assessment o f the sorption profiles for the 
amount o f second stage relaxation moisture uptake suggests that the A  samples do not show 
any more than the B samples. The inability o f the model to account accurately for the 
differing appearance o f the second stage uptake may be due to the relaxation in the FRC 
samples being diffusion controlled, i.e. the amount o f relaxation is dependent upon the amount 
o f moisture at any location which in turn is dependent upon the diffusion characteristics o f 
the material. With the B samples being much thinner the moisture reaches the centre o f the 
sample in a shorter time than in the A  samples and relaxation is able to occur much faster. 
This also suggests the Deborah number for the FRC may provide some assessment to this 
effect (see section 3.1.4.2.1). As the values o f mRe for the A  samples are comparable in 
magnitude to those o f DeWilde and Shopov [68] for an un-reinforced epoxy the B sample 
data is probably a more realistic assessment o f the physical moisture uptake due to swelling 
in the FRC. This problem highlights a concern o f using more complex sorption models. 
They may provide an improved numerical fit to the sorption data but the predictions based 
upon the parameters o f these models may not coincide with the physical process. Berens and 
Hopfenberg [144] confirm this problem by showing that completely different values for the
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parameters o f their model can produce remarkably similar uptake profiles. This suggests that 
while the parameters obtained by the more complex models are acceptable to predict the 
sorption profiles and consequently the equilibrium moisture contents, the kinetic mechanisms 
and separate contributions to the equilibrium moisture content predicted by these models may 
not accurately reflect the actual physical processes occurring in the sample.
Environmental activity 
Figure 145 Relaxation equilibrium moisture content (mRJ
7.4.6.2 RATIO  OF BOUND TO UNBOUND MOISTURE
The Carter and Kilber model proposes two forms o f water present in the matrix and the rate 
o f equilibration between these two populations as the cause o f anomalous sorption in the 
samples. Bonniau and Bunsell [87] reported that the percentage o f moisture unbound in a 
glass fibre reinforced epoxy was constant over a wide range o f temperature using this model. 
Figure 146 shows that this has not been found in this research as the percentage o f unbound 
water molecules is shown to be constant for a given temperature over the full range o f 
environmental activity but to increase with increasing temperature. As yet no explanation for 
this phenomena exists although it may again be associated with the inability o f the model to 
represent the exact physical processes in the samples.
The results from the Carter and Kilber model must be considered with care as the 
experimental results o f Chapter 6 suggest that the binding and unbinding o f penetrant 
molecules is secondary to the effects o f matrix relaxation. This is also supported by the
Sorption characteristics: Discussion and conclusions 219
predictions o f the dual mode sorption isotherm in section 7.4.4.1 from which the calculated 
parameters o f the sorption model predict only a very small quantity o f bound moisture.
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7.5 D IFFUSIO N  C H A R A C T E R IS T IC S  O F THE FRC
7.5.1 TH E  E FFE C T OF FRC  L A Y -U P
Figure 147 compares the through thickness diffusion coefficients (D z) o f the A  and B samples 
using the Berens and Hopfenberg model values for absorption (which are identical to the 
Carter and Kilber values) and those o f the Fickian model for desorption for samples 
conditioned in the Atmospheric-75 environment . When absorbing moisture the coefficients 
for the B samples were found to be slightly lower than for the A  samples. This was not 
observed in the equivalent Fickian model parameters and when the uptake profiles o f the two 
material lay-ups were adjusted for their different thicknesses they were almost identical. 
These latter observations suggest that the more complex models have some difficulties in 
unambiguously predicting the contribution o f the relaxation or dual sorption mechanisms to 
the equilibrium moisture levels (see section 7.4.6.1). The higher these predicted non-diffusive 
contributions to the equilibrium moisture level, the lower the diffusive contribution and hence, 
for a given moisture uptake to square root o f exposure time gradient, the diffusion coefficient
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predicted will be higher. Thus as Figure 145 predicts increased relaxation uptake for the A 
samples the results o f the more complex models are at least consistent.
Environmental temperature (°C)
Figure 147 Comparison o f  moisture diffusion coefficient fo r  
absorption and desorption in A and B samples
A  small effect o f ply lay-up may be expected because o f the tortuosity o f the diffusion path 
between plies in the A  samples (6 fibre direction changes) as opposed to the B samples (2 
fibre direction changes) in much the same way as the addition o f fibres has the effect o f 
lowering the diffusion coefficient in a lamina. However this is not thought to be sufficient 
to explain fully the significant differences reported in Figure 147 and the principal factors are 
expected to be associated with the problems the models have in predicting mRe (or the 
equivalent combination o f dual sorption parameters). In the following sections the trend o f 
the diffusion coefficients with environmental conditioning is considered using the average o f 
the diffusion coefficients calculated for the A  and B samples. This is valid as both show 
similar variation with environmental conditions even though they are not exactly equal.
The desorption diffusion coefficients predicted by the Fickian model are essentially identical 
which confirms the thought that the difference in lay-up should not have a significant effect 
on the diffusion coefficient. Interestingly, the Berens and Hopfenberg and Carter and Kilber 
models also predict a significant difference between the diffusion coefficients in the two 
samples for desorption. Again these models expect the A  samples to have a higher diffusion 
coefficient than the B samples, which is at least consistent with the prediction that the A 
samples absorb more moisture by relaxation. Both the results o f section 7.4.6.1 and this 
section suggest that while the more complex models are capable o f producing a better fit to
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the experimental model they still may not be sufficient to represent accurately the physical 
processes occurring in the samples.
7.5.2 THE EFFECT OF E N V IR O N M E N T A L  ACTIV ITY
The environmental activity is not expected to affect the diffusion coefficient o f the FRC and 
the results o f Figure 148 and Figure 149 are thought to be more a result o f  the matrix 
relaxation occurring in the samples than any direct effect o f the environmental activity. The 
distinct variation in the diffusion coefficient for samples conditioned in the different 
environments has required consideration o f an environmentally dependent diffusion 
coefficient. This is highlighted in section 7.5.4 when equations for the variation o f through 
thickness diffusion coefficient with temperature are given for each environmental condition. 
The results o f Figure 148 and Figure 149 are consistent whichever model parameters are used.
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7.5.3 THE EFFECT OF MULTIPLE SORPTION CYCLES
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Whereas the data o f Figure 150 suggests that the absorption diffusion coefficient in the 
samples reaches an equilibrium level after three cycles, the desorption data o f Figure 151 
shows that the diffusion coefficient for desorption continues to increase for at least four 
cycles. This suggests that the two processes are controlled to some noticeable amount by 
different mechanisms. With increasing exposures the desorption diffusion coefficient would 
be expected to equilibrate to a consistent level provided damage mechanisms are not 
introduced to the material from cyclic conditioning. Figure 150 and Figure 151 suggest that 
the initial increase in absorption diffusion coefficient with sorption cycle is greater than that 
o f the desorption coefficient.
7.5.4 THE EFFECT OF TEMPERATURE
7.5.4.1 EXPOSURE TO W ATER  VAPO UR
Temperature has a significant effect on the rate o f moisture uptake or loss. The variation o f 
the diffusion coefficient with temperature is well represented by the classical Arrhenius 
relationship [289] shown in equation (131):
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where D0 is the permeability index (mm2 s'1), E the activation energy o f  the diffusion process 
(J m ol'1), R the universal gas constant (8.314 (J mol'1 K '1) and T the temperature o f exposure 
expressed (K ). The activation energy may be thought o f as that energy required to produce 
the diffusive motion o f one mole o f atoms [289] while Jost [179] and Delasi and Whiteside 
[57] explain that the permeability constant is related to the activation entropy for a diffusion 
jump and the length o f the diffusion jump.
Equation (131) was fitted to the diffusion coefficient data using the Levenberg-Marquardt 
algorithm and resulted in the values for the permeability index and activation energy shown 
in Table X V II and the lines o f best fit plotted in Figure 152 and Figure 153. Table X V II 
shows that as the atmospheric moisture activity increases and the samples absorb more 
moisture, the activation energy and permeability index for absorption decrease. This is 
directly contrasted by the desorption results which shows exactly the opposite. An 
explanation o f these results and an assessment o f their significance is at present unable to be 
made. The results suggest however, that absorption is a lower energy process which seems 
to be likely if, as suggested by the dual sorption model, there are sites within the matrix 
network to which the water molecules are attracted preferentially. This would have the 
combined effect o f reducing the energy required for the moisture to be absorbed and 
increasing the energy required to desorb the same moisture.
Table X V I I  Arrhenius parameters for diffusion o f  atmospheric moisture
A bsorp tion  (B erens and H op fen b e rg ) D esorption  (F ick ian )
C ond ition ing
E nvironm ent
P erm eab ility  index 
(m m 1 s'1)
A c tiva tion  en ergy  
(k J  m o l ^
P erm eab ility  index 
(m m 1 s ' )
A c tiva tion  energy 
(kJ  in o f 11)
A tm ospheric-50 0.574 39.5 0.574 40.3
A tm ospheric-75 0.197 36.0 2.475 43.6
A tm ospheric-96 0.028 30.7 4.478 44.8
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The results o f Table XVII, Figure 152 and Figure 153 compare well to data for other FRC 
materials with Blikstad [184] reporting values o f 2.1mm2 s'1 and 46 kJ mol 1 for T300/1034 
carbon fibre reinforced epoxy and McKague et al [86] reporting values o f 0.14 mm2 s'1 and 
36 kJ m ol'1 for T300/5208 carbon fibre reinforced epoxy (in both cases for absorption).
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7.5.4,2 W ATER  IM M ERSION
As with the sorption equilibria data, the diffusion o f water in samples exposed to an aqueous 
environment was not found to produce results consistent with those o f  samples exposed to 
atmospheric moisture. Absorption data for the Water immersed environment was only 
obtained at 85°C and was found to exhibit a diffusion coefficient o f 1.74x1 O'6 mm2 s'1 
(predicted by the Berens and Hopfenberg model - which was equivalent to the Carter and 
Kilber model). This was higher than the 1.13x1 O'6 mm2 s'1 predicted by the Fickian model 
and twice that o f the «0 .9x l0 "6 mm2 s '1 reported by Soutis and Turkmen [145] for the same 
FRC in boiling water. I f  anything, the results o f [145] were expected to be higher than the 
data obtained in this experiment as the boiling water environment was at a higher temperature 
than the 85°C used for this research. Analysis o f the desorption data at the various 
temperatures provided a permeability index o f 1.6 mm2 s'1 and an activation energy o f 40.6 
kJ mol"1 which does not compare to the trends suggested in Table X V II for the desorption o f 
absorbed atmospheric moisture vapour.
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7.6 C O N C LU S IO N S
The following chapters include the development or investigation o f models that require a 
knowledge o f the sorption performance o f the T800/924 FRC. For absorption an accurate 
prediction o f equilibrium moisture content for a given environmental activity is required while 
for desorption, relationships describing the variation o f diffusion coefficient with temperature 
and environmental pre-conditioning are necessary. Knowing that an exact understanding o f 
the physical sorption mechanisms is not critical allows a purely numerical assessment to be 
used to assess the most appropriate model for absorption. Such analysis has been shown to 
indicate that either the Berens and Hopfenberg or Carter and Kilber models are more capable 
o f representing the slightly anomalous behaviour o f the FRC in high temperature/high 
humidity environments and in general provide a better approximation to the equilibrium 
moisture content. The modified dual sorption isotherm has then been shown to provide an 
excellent fit to these equilibrium moisture levels as they vary with the activity o f the 
environment. The parameters obtained by fitting this isotherm equation to the sorption data 
suggest that clustering may occur in the FRC at activities around 0.7 and consequently that 
the moisture does not mix ideally with the FRC matrix. Consideration o f the transverse 
swelling o f the FRC has allowed an assessment o f the quantity o f moisture ideally mixed 
within the matrix. The variation o f ideally mixed moisture is shown to approach that 
predicted by ideal theoretical models at FRC moisture contents above 1.0%w/w above which 
level the pre-absorption micro-voids within the matrix are expected to be filled by the 
absorbed moisture.
The diffusion coefficients for both absorption and desorption are well represented by the 
Arrhenius relationship which allows consideration o f the activation energy for the diffusion 
process. The absorption o f moisture is found to have a lower activation energy that 
desorption which seems consistent with the proposals o f the dual sorption model that there 
are sites within the polymer matrix which attract and bind the absorbed water molecules. The 
Arrhenius relationship for the desorption coefficients provides a good representation o f the 
experimental data up to temperatures around 200°C. However, a purely numerical assessment 
o f  the goodness-of-fit o f  the models for data in the higher temperatures suggested that the 
models were inaccurate. This has been shown to be a result o f an under-estimation o f the 
possible experimental errors for samples in these conditions and its consequential effect on
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the numerical assessment algorithm. A  "by-eye" assessment o f the fit for these models 
provided the evidence to support the use o f the data in this temperature range.
While the more complex relaxation and dual sorption models provided a better numerical fit 
to the sorption data inconsistencies existed in the fitted parameters that suggest that neither 
o f these two models are sufficient to accurately represent the physical processes occurring in 
the FRC. The Fickian model was shown clearly to be unable to represent the higher 
temperature/humidity absorption data which suggests that the sorption o f moisture in FRCs 
is more complex than simple diffusion. The behaviour o f the FRC to varying environmental 
conditions was in general as expected from the review o f such effects on other FRCs and 
epoxy resins (Chapter 3).
SECTION 3
P R O PE R T IE S  A N D  R E P A IR  O F  A  FIBRE R E IN FO R C E D  
C O M P O S IT E  EXPO SED  TO  M O ISTU R E  
&
G E N E R A L  C O N C LU S IO N S
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8 THE EFFECT OF ABSORBED MOISTURE ON
THE MECHANICAL AND GLASS TRANSITION 
PROPERTIES OF A FRC
8.1 IN T R O D U C T IO N
To examine and model the effect o f substrate moisture content on adhesive joints constructed 
from polymer based adherends, an understanding o f the effect o f absorbed moisture on the 
mechanical properties o f the substrate is essential. Consequently, an investigation was 
conducted to determine the effect o f absorbed moisture on the mechanical response o f 
T800/924 fibre reinforced epoxy. Parameters investigated were longitudinal, transverse and 
shear moduli, Poisson's ratio and longitudinal and transverse strength. The fibre dominated 
properties were found to be affected marginally by absorbed moisture whilst the matrix 
dominated properties were affected significantly. Fractographic analysis o f the failure 
surfaces o f the transverse tensile strength samples was also conducted to provide an 
assessment o f the effect o f absorbed moisture on the adhesion between the fibres and the 
matrix. The effect o f errors associated with misalignment o f fibre and load direction, inherent 
in testing o f a unidirectional composite, were also investigated. These errors are shown not 
to influence significantly the accuracy o f the data produced in this research.
The sorption data o f Chapters 6 and 7 do not include direct consideration o f the glass 
transition temperature (T g ) o f the FRC. However, the increased plasticisation o f  the FRC 
matrix at high temperatures (i.e. closer to the Tg ) was used to account for some variations in 
the experimental sorption profiles. To confirm that conclusions based on the approach o f the 
FRC to its Tg were feasible, an investigation o f the effect o f absorbed moisture on the Tg o f 
the T800/924 FRC was made. Tg was determined by Dynamic Mechanical Thermal Analysis 
(D M TA ) using the peak o f  the tan8 profile to define the transition temperature. The loss o f 
moisture from the samples during the temperature scans involved in D M TA  has been 
accounted for analytically and a curve o f Tg versus the effective moisture content o f the 
sample has been produced.
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8.2 AIMS OF THE EXPERIMENTAL PROGRAM
The aims o f this part o f the research were:
(a) to determine the effect o f absorbed moisture on the Laboratory temperature 
mechanical properties o f  the T800/924 FRC; in-particular to produce equations to 
approximate the variation o f  longitudinal, transverse and shear moduli and Poisson's 
ratio with moisture content for use in further work,
(b) to assess the effect o f absorbed moisture on the interfacial adhesion between fibres 
and matrix, and
(c ) to determine the variation o f  glass transition temperature with absorbed moisture 
content.
8.3 SAMPLE PREPARATION
8.3.1 MATERIAL AND CONDITIONING
Table X V I I I  Test matrix fo r  mechanical property and glass transition testing
Lam inates used in testing
Environm ent 0° Tensile test 0° Flexural test 90° Tensile test ±45° Shear lest Tg: D M T  A
D iy D D D B A  &  B
Lab o ra to ry D D D B
Atm osphcric-50 A  &  B
A tm ospheric-75 D D D B A  &  B
A tm ospheric-96 D D D B A  &  B
W a te r  im m ersed D D D B
The T800/924 FRC described in Chapter 6 was used as the basic material for all mechanical 
property and glass transition investigations. The sample laminates and environmental 
conditioning used for each o f the tests are shown in Table X V III. The D master laminate was 
approximately 2.05 mm thick, o f  uni-directional [0 °]]6 lay-up and with a fibre volume fraction 
o f 0.58.
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8.3.2 D IM EN SIO N S  AN D  C O N S T R U C T IO N  OF S AM PLE S
8.3.2.1 0° FIBRE O RIENTATED  SAMPLES
The dimensions o f the samples used to investigate the effect o f absorbed moisture on the FRC 
0° fibre orientated parameters were based upon the recommendations o f ASTM  Standard Test 
Method D3039/D3039M-93 [290] and ASTM  Standard Test Method D790M-92 [291], 
Figure 155 shows the dimensions o f the unidirectional [0 °]16 samples tested in tension and 
Figure 156 gives the dimensions for the samples tested in flexure.
Aluminium End tabs Strain gauge or rosette
15
125
50
All Dimensions in millimetres
Figure 155 0° fibre orientation samples:
~r
15
2T
I
75
All Dimensions in millimetres
Figure 156 0° fibre orientation samples:
tensile testing flexural testing
Initial experimentation plans did not call for the use o f end tabs on the tensile samples rather, 
it was hoped that friction tabs would provide sufficient grip when mounted in the heads o f 
the testing machine to allow measurement o f the response o f the sample to tensile loading. 
On samples used to validate the experimental technique, the friction tabs were manufactured 
from emery cloth which performed well up to loads o f around 30 kN. At this load the 
compressive force applied by the grips caused disintegration o f the abrasive on the cloth and 
the samples showed significant grip slippage. Consequently, adhesively bonded aluminium 
end tabs were used for subsequent tests.
Because o f the deleterious effect o f  the environmental conditioning on the tab/specimen 
adhesive bond, the samples were first conditioned to equilibrium moisture content then 
removed to laboratory conditions, surface dried and weighed prior to the aluminium end tabs 
being bonded in place. Each environmental condition group o f 0° samples had an associated 
traveller coupon used to assess the effect o f sample movement and environment on their 
moisture content once the end tabs were attached. 3M Scotch-Weld DP 490 room
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temperature curing adhesive was used to bond the end tabs to the samples because o f its 
alleged resistance to moisture degradation. This adhesive required approximately 4 hours to 
cure to a level where the samples could be returned to their respective environments. The 
moisture loss/gain o f the samples in this time was monitored by their traveller coupons and 
found to be quite low in all cases. The samples remained in their respective environments 
for another two to three days to allow equilibrium conditions to be regained (according to the 
traveller coupon moisture content) before testing. Average sample dimensions were 
determined from three readings within their gauge lengths prior to environmental conditioning.
8.3.2.2 90° FIBRE O RIENTATED  AND  ±45° SHEAR SAMPLES
The dimensions o f the samples used to investigate the effect o f absorbed moisture on the 
composite 90° fibre orientated parameters were based upon the recommendations o f ASTM  
Standard Test Method D3039/D3039M-93 [290], Figure 157 shows the chosen dimensions 
for the unidirectional [90°] 16 samples.
20
1  
TT
I
Figure 157 90° fibre orientation samples
Strain gauge or rosette
100
I
All Dimensions in millimetres
j Strain gauge or rosette
1 I f B l
75
1
I
All Dimensions in millimetres
Figure 158 Shear modulus samples
The dimensions o f the samples used to investigate the effect o f absorbed moisture on the 
composite shear modulus were based upon the recommendations o f ASTM  Standard Test 
Method D3518/D3518M-91 [292], Figure 158 shows the chosen dimensions for the [±45°]s 
samples (Note that the shear samples were cut from the B master laminate rotated 45°). Like 
the 0° samples, the 90° and shear samples were originally planned to be tested using emery 
pad friction tabs. Due to the reduced strength and moduli o f these samples (compared to the 
0° samples) the friction tabs were sufficient and were adopted for use on all o f the 90° and 
shear samples. As no end tabs were required for these samples they were able to remain in 
their respective conditioning chambers until testing. Average sample dimensions were 
determined from three readings within their gauge lengths prior to environmental exposure.
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8.3.2.3 STRAIN  G AU G ING  OF TENSILE AN D  SHEAR TEST SAMPLES
8.3.2.3.1 Gauges employed and information obtained
A ll samples tested for their response to tensile loading had their strain recorded via either a 
Measurements Group CEA-06-240UZ-120 single strain gauge orientated to the direction o f 
the tensile loading or a Measurements Group CEA-06-120CZ-120 45° rectangular strain 
rosette with one o f the rosette's gauges orientated to the direction o f tensile loading. Both 
strain recording instruments were attached in accordance with Measurements Group 
recommended strain gauge application techniques [293],
The samples with rosettes attached were able to supply three sets o f information relevant to 
the mechanical properties o f the composite. Firstly, the transverse strain permitted calculation 
o f the corrections required for transverse sensitivity o f the rosette gauges then, calculation o f 
the Poisson's ratio o f the material and thirdly, the principal strain axes, allowing an estimate 
o f  the accuracy o f sample preparation and determined moduli. At least two samples in each 
environmental condition utilised rosettes in favour o f the cheaper single strain gauges.
8.3.2.3.2 Error correction in strain readings
When measuring strains it is an obvious aim to reduce the level o f  error in the recorded 
values as much as possible or at least to a level o f  insignificance. Strain measurements with 
gauges (or rosettes) have inherent sources o f error such as thermal output, leadwire resistance 
and transverse sensitivity to name but three [294]. As the testing environment was at a 
reasonably stable test temperature, the errors associated with thermal output may be ignored, 
as too may the insignificant errors associated with leadwire and strain gauge resistance. The 
transverse sensitivity however becomes o f reasonable importance, especially in the 0° samples 
which exhibit significant transverse strain when under longitudinal loading.
Transverse sensitivity in a strain gauge refers to the gauge response to strains perpendicular 
to its nominated principal direction. Ideally, strain gauges would be completely insensitive 
to such strains, but due to the small portion o f wire in the end loops o f wire gauges which 
lies in the transverse direction, the strain reading o f  any such strain gauge is always less (in
magnitude) than that actually experienced. Fortunately the magnitude o f such effects may be 
calculated quite accurately from the geometry o f the gauge grid [295].
For the 45° strain rosettes employed, the following corrections to the recorded longitudinal, 
45° and transverse strains (s,, s45, st) were utilised to determine accurately the correct sample 
strains (e,.c, s45.c, et_c):
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1 -  0.285K
el~C o
1 - K ?
2 (e r Kte,) (132)
1 -  0.285iE r
-45-c ~ 2 [ e45 + ~ ^45)] (133)
1 - K t
1 -0.285K,
et-c 2
1 - k;
where K, is the transverse sensitivity factor o f  the gauge.
“ { et ~ Ktei) (134)
8.3.2.3.3 Effects due to misalignment o f fibre principal axes and loading direction
A  primary difficulty with preparation o f carbon fibre reinforced composites is accurate 
determination o f the fibre orientation within the sample. As the material is opaque the only 
simple method o f determining fibre direction o f a unidirectional sample is to fracture a thin 
strip o f  material along an edge parallel to the fibres. Even this technique cannot prevent 
misalignment errors o f the order o f 1-2 degrees when lining strain gauges up with burnish 
marks on the sample or when cutting samples from a sheet o f material. These two sources 
o f  error may produce significant errors in the strain data o f a sample and must therefore be 
evaluated to ensure that any corrections necessary are made to the strain data or to confirm 
that any variations, because o f  such misalignment, are negligible. Unfortunately this is not 
always done by those analysing experimental data.
Tuttle and Brinson [296] provide a valuable reference on all aspects o f strain gauge use with 
composite materials and provide an estimate o f the errors involved in misalignments o f both 
the fibres and the strain gauge for a generic carbon/epoxy composite. To evaluate the extent 
o f errors present in the samples used for this experiment a similar approach to that o f  [296]
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was employed. Firstly, the strain rosettes used on the samples were bonded under a low 
power magnifying glass, aligning the gauges to the edge o f the samples with extreme care. 
Their consequent misalignment due to error in the application was measured after bonding 
and found in ail cases to be less than 0.5 degrees (the smallest realistic increment that the 
samples could be measured to). From this and the findings o f [296], provided the fibre 
misalignment remained small the errors present in the final strain readings should be 
negligible. Assuming that the samples could be mounted such that their edges ran perfectly 
parallel to the load direction the only source o f misalignment left was that o f the fibres within 
the cut sample. Rather than make an optical assessment o f the outer layer fibre misalignment, 
the results o f  the tensile loading were utilised to determine the mean principal strain axes and, 
from the orientation o f these axes, an estimate o f the effective fibre axis angle.
Figure 159 Fibre axis angle (§) & principal axis angle (9)
I f  the samples are subjected to a tensile stress crx making an angle (j) with the fibres, then the 
stresses along the principal 11 axis (parallel to the fibre) and the principal 22 axis 
(perpendicular to the fibre) are given by:
° n  = T f ( 1 +cos2<j)) 
°22 = “ (1 -cos2<j>) (135)
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which may be converted into principal strains through:
°11 _ V21 °22 
E^  1 E22
22 12 11
22 ~  —  ~  —  --------------
Eq2 -^ 11
(136)
and finally into a relation between the principal axis angle (0 ) and the fibre axis angle ((j)) 
through:
From these relationships and the principal axis angle (obtainable from the rosette data), an 
estimate o f the fibre axis angle and associated errors due to fibre misalignment may be made.
8.3.2.4 GLASS TRAN SITIO N  TEM PERATURE SAMPLES
Samples o f approximately 30 mm length and 10 mm width were cut from the A  and B master 
laminates before conditioning in the environments mentioned in section 8.3.1. Average 
sample dimensions were determined from three readings within their gauge lengths 
immediately prior to Dynamic Mechanical Thermal Analysis (D M TA ) o f the samples. The 
D M TA  method is sensitive to sample thickness hence the moisture swollen dimensions were 
used in preference to the dry condition dimensions.
tan(20 + 2<j>) = —
€11 ~ e22
(137)
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8.4 EXPERIMENTAL PROCEDURES
8.4.1 0° FIBRE ORIENTATED SAMPLE MECHANICAL TESTING
8.4.1.1 SAM PLE TEST M OISTURE CONTENT
The samples exposed to the Dry environment were used to determine an average pre-test 
moisture content for all tensile and flexural test 0° fibre orientated samples and traveller 
coupons. From these values the dry weights o f the samples and coupons were calculated. 
The equilibrium moisture contents o f the samples and coupons were calculated from their 
respective weights recorded prior to adhesion o f  the end-tabs. As each environmental set o f 
samples were to be tested, they were removed from the conditioning chamber together with 
their traveller coupon. As the tensile loading tests were conducted the weight o f the coupon 
was recorded at the start and finish o f  each sample test. This allowed an average coupon 
moisture content to be calculated for each sample tested. The sample test moisture content 
was then calculated by multiplying the average coupon test moisture content by the ratio o f 
sample equilibrium moisture content to coupon equilibrium moisture content. As the flexural 
test samples were able to be directly weighed for their moisture content, their weights were 
recorded both before and after testing giving an average test weight and hence an average test 
moisture content.
8.4.1.2 TENSILE TEST PROCEDURE
Tensile testing was conducted essentially in accordance with AS TM  STP D3039 [290]. 
Rectangular cross-section samples o f the composite material with fibres aligned parallel to the 
loading direction were mounted in the grips o f an INSTRO N 1175 mechanical testing 
machine and monotonically loaded in tension while their strain response was recorded at 
regular time intervals.
The testing was conducted in Laboratory conditions with the testing machine set to produce 
a constant cross head movement o f  0.5 mm/rnin. A  single strain gauge or rosette was located 
in the centre o f each sample and the zero strain point was taken prior to gripping. A  
minimum o f three samples for each environmental condition were tested. Two samples for
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each test condition were loaded to failure to determine tensile strength variation with moisture 
content. The mode and location o f failure o f each specimen was recorded using the three part 
failure code shown in Figure 160.
/ 
LIT G A T
y  mi/'
L G M  SG M
First Character Second Character Tlrnd Character
Failure Type Code Failure Area Code Failure Location Code
Angled A 
Edge Delamiriation D 
Grip/tab G 
Lateral L 
Multi-mode M 
Long. Splitting S 
Explosive X
Inside grip/tab I 
A t grip/tab A 
<1W  from grip/tab W  
Gauge G 
Multiple areas M 
Various V 
Unknown U
Bottom B 
Top T  
Left L  
Right R 
Middle M 
Various V 
Unknown U
Figure 160 Tensile test failure codes/typical inodes from  [290]
The tensile strengths and moduli (using a chord modulus approach) o f the samples were 
calculated according to [290]. The strain range chosen to calculate the moduli from was 
1000-3000ps. The moduli were determined from the gradient o f  the stress-strain data 
obtained by fitting a straight line to the data using least squares linear regression [297] in the 
chosen strain range.
8.4.1.3 FLEXURE TEST PROCEDURE
Flexural testing was conducted in accordance with ASTM  STP D790M [291] using 
rectangular cross-section samples o f the composite material with the fibres aligned such that 
their axes were horizontal and perpendicular to the loading noses o f a four point bending rig. 
Figure 161 shows the set-up o f the rig which was mounted in an INSTRON 1196 mechanical 
testing machine. The samples were monotonically loaded in flexure while the deflection o f
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the samples centre (8) was recorded at regular time intervals. The testing was conducted in 
laboratory conditions with the testing machine set to produce a constant cross head movement 
(not central deflection) o f 0.5 mm/min. Only one sample for each environmental condition 
was tested.
All Dimensions in millimetres 
Figure 161 Four point bending test set-up
The tensile moduli were calculated from the initial straight line portion o f  the load-deflection 
curve using the relationship [291]:
E  = 017  L *m (138)
bd3
where EB is the bending modulus, L the distance between the bottom loading noses, b the 
sample width, d the thickness o f the sample and m the gradient o f the load deflection curve.
8.4.2 90° FIBRE O RIENTATED  SAM PLE  M E C H A N IC A L  TESTING
8.4.2.1 SAM PLE TEST MOISTURE CONTENT
The samples exposed to the Dry environment were used to determine an average pre-test 
moisture contents for all samples and from this value the dry weights o f the samples were 
calculated. The samples were weighed immediately before and after testing giving an average 
test weight and hence an average test moisture content.
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8.4.2.2 TENSILE TEST PROCEDURE
The test procedure for the transverse samples was identical to that for the 0° samples with 
the exception that the cross head speed was set to 0.2 mm/rnin.
8.4.3 SH EAR  S A M P L E  M E C H A N IC A L  TE S T IN G
8.4.3.1 SAM PLE TEST MOISTURE CONTENT
The samples exposed to the Dry environment were used to determine an average pre-test 
moisture content for all samples and from this value the dry weights o f the samples were 
calculated. The samples were weighed immediately before and after testing giving an average 
test weight and hence an average test moisture content.
8.4.3.2 TENSILE TEST PROCEDURE
ASTM  D3518 [292] was used as guidance for the shear testing to determine the in-plane 
shear modulus from uniaxial tensile testing o f ±45° specimens. The testing was conducted 
in Laboratory conditions with an INSTRON 1175 testing machine set to produce a constant 
cross head movement o f  0.5 mm/min. A  single strain rosette was located in the centre o f 
each sample and the zero strain point was taken prior to gripping. Three samples for each 
environmental condition were tested.
The following relationships were used to calculate the shear stress (x12) and strain ( y12) in 
the samples:
^  ■ W a (139>
Y12 = e l ~  e t <140)
where F is the applied load and sb et, b and d are as defined previously. The shear moduli 
o f  the samples were then determined from a straight line fit to the calculated shear stress- 
strain data in the longitudinal strain range 1000-3000 jx b , again using a least squares fit.
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8.4.4 GLASS TRANSITION TEMPERATURE TESTING
8.4.4.1 SAM PLE TEST M OISTURE CO NTENT
A ll Tg samples were pre-conditioned in the Dry environment to establish their respective dry 
weights before exposure to the conditioning chambers. Once equilibrated they were removed 
and weighed to determine equilibrium moisture contents. H alf o f  these samples were then 
tested for their Tg, the remainder were returned to the conditioning chambers for another 
desorption/absorption cycle (to investigate multiple cycle effects on Tg) before final removal, 
weighing and testing.
D M TA  measures specimen deformation in response to a sinusoidal vibrational force over 
varying temperatures. From the change in the phase lag between the sinusoidal stress and 
strain o f the specimen the Tg may be determined. The samples were mounted in a three point 
bend rig located inside a small, sealed oven which was thermocouple controlled to provide 
a steady heat up rate for the sample as it was sinusoidally loaded in three point bending. The 
moisture activity within the test oven can be shown to decrease rapidly with increasing 
temperature and the samples consequently lost significant quantities o f  moisture whilst the 
tests were conducted. This drying was exacerbated by the exponentially increasing desorption 
diffusion coefficient o f the samples with the increasing test temperature.
To assess the quantity o f moisture lost in the D M TA , equilibrated samples o f both the A  and 
B laminates were placed in a vacuum oven in which the temperature was raised at the same 
rate as that used in the D M TA. Vacuum was used to provide an almost instantaneous zero 
activity level environment which then allowed the samples to be removed at regular intervals 
(but only for very short times) for weighing. The removal interval was varied for differing 
samples to establish that the weighing process had minimal effect on the drying process. The 
results o f this drying are shown in Figure 162 as the loss o f sample moisture content with 
increasing temperature.
Dry conditioned samples were also examined and found to loose weight at around 200°C. 
The loss o f weight in these samples is assumed to be comprised mainly o f un-reacted cure 
agents from within the FRC, a phenomena which would also be expected to occur in the
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higher moisture content samples. Consequently, the actual moisture loss o f the conditioned 
samples was assumed to be equal to the reported values o f Figure 162 less the change in 
weight o f the dry samples. The new data are shown in Figure 163.
2.0
1.5
1 10
Conditioning environment
— Dry
— 0 — Atmopsheric-50
— 4 — Atmospheric-75
— ± — Atmospheric-96
'o
s
0.5
0.0
A samples
-0.5
25 50 75 100 125 150 175 200 225 250 25 50 75 100 125 150 175 200 225 250
Temperature (°C )
Figure 162 Experimental moisture loss fo r  A and B samples at a heat up rate o f  5°C min
As the sorption characteristics o f the material are known, the moisture loss may be estimated 
from numerical modelling. Chapter 7 has already shown that the diffusion coefficient o f the 
A  and B laminates varies with time according to an Arrhenius relationship and that the 
diffusion process is well represented by Fickian assumptions. The diffusion coefficient 
component o f the Fickian model may be modified into a time dependent equation due to the 
dependency o f temperature with time:
Dz = Dze TO (141)
To estimate the sample drying, consider the transformation proposed by Weitsman [298]:
(142)
_  t B
= Dzf  e T(s)ds 
o
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As q is a monotonically increasing function o f t, general mathematical principles state that 
there must be a single valued relationship between the two such that t=f(q) and consequently 
the concentration function may be written in terms o f q:
c{z, t)  = C ( z J M )  = c (x,  q)
This allows the basic Fickian equation to be rewritten in terms o f c and q such that it has the 
same form as that for a constant diffusion coefficient. Thus, the average moisture content 
solution for the time varying condition is:
nif -  mi 2K j=0
~(2/+1)w2c
h2
(27 + 1)2
(144)
Note that this is the one dimensional form o f  the Fickian solution. As the D M TA  sample 
width to thickness ratios are small, the effect o f edge diffusion is high. Equation (144) must 
then be expanded to the full three dimensional model to account for these effects. This 
extension is covered adequately in Chapter 3. The final moisture content o f the samples (m f) 
is also a function o f time because o f its dependency on the activity within the test oven. In 
the numerical application o f the three dimensional form o f equation (144) the variation o f 
activity was included by considering the water vapour in the air as an ideal gas. This 
assumption allows the change in moisture vapour pressure due to increasing temperature to 
be calculated (including the additional vapour released from the sample duiing drying). The 
activity at a given temperature is then calculated as the ratio between the calculated moisture 
vapour pressure and the known saturation vapour pressure o f moisture in air at this 
temperature. Thus, with all the parameters known a comparison between the theoretical 
model and the experimental data may be made and is shown in Figure 163.
Figure 163 shows that the theoretical prediction is quite successful at estimating the effect o f 
the varying temperature and only slightly under-predicts the moisture loss in the intermediate 
temperatures o f interest. Initially, the average sample moisture content predicted by 
Figure 163 was thought to be an adequate approximation for the moisture level applicable to 
the D M T A  determined Tg. This has been found to be true for thick sample at low moisture 
contents but the results o f the D M TA, to be presented later (section 8.6.1), suggest a more
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thorough approach is required. The revised determination o f effective sample moisture 
content is included in the results and discussion section.
Temperature (°C)
Figure 163 Comparison between Fickian drying moisture content and experimental data fo r  A
and B samples and heat up rate o f  5°C min
8.4 4.2 D YN AM IC  M ECH ANICAL TH ERM AL AN ALYS IS  TEST PROCEDURE
The D M TA was conducted on a Polymer Laboratories dynamic mechanical thermal analyser 
with a small frame three point bend rig. The straining frequency was set at I Hz and the 
temperature heat up rate at 5°C/min. The temperature scans were essentially from Laboratory’ 
conditions to 250°C, although some B samples were set-up in an oven at temperatures higher 
than that in the Laboratory' to reduce moisture loss prior to the Tg. The variation in damping 
angle (tan8) and the logarithm o f storage modulus (logE') were recorded agamst temperature.
8.5 RESULTS AND  DISCUSSION OF M E C H A N IC A L  PROPERTY TESTING
8.5.1 0° ELASTIC MODULUS, TENSILE STRENGTH AND STRAIN TO FAILURE
The results shown in Figure 164 indicate that the 0° modulus is essentially unaffected by 
absorbed moisture. This is as expected since the 0° modulus is a fibre dominated property. 
A  comprehensive review o f the effect o f environmental conditions on the elastic moduli o f
The effect o f  a bsorbed  moisture on the mechanical and glass transition properties o f  a F R C 245
fibre reinforced polymeric composites [261] shows that this result is common for such 
materials. As the fibres have been shown to absorb only a minimal amount o f moisture the 
only reduction in composite modulus is obtained through a reduction in the matrix modulus 
and/or matrix/fibre interface properties. The experimentally determined 0° elastic modulus 
(E (0=}) values compare reasonably well with manufacturer values o f 168 GPa dry and 165 
GPa wet (100°C test temperature for the wet sample). A  straight line least squares fit to the 
data provides the relationship between E(0O) (GPa) and moisture content (%w/w) of:
£((n = 159 -  2.08w (145)
The tensile strength o f the 0° specimens showed a reduction with increasing moisture content. This 
differs from investigations with other FRCs in which the tensile strength exhibited a slight 
improvement with increasing moisture content before falling rapidly at a specific moisture level 
[263]. In such studies the increase in strength has been explained in terms o f the matrix 
material reaching an optimum performance level through plasticisation and by the reduction 
in thermal residual stresses. The apparent lack o f strength increase in T800/924 material may 
be a property o f  the composite in which any plasticisation or residual stress reductions are not 
beneficial or it may be related to the less than ideal failure modes o f  the samples. As the 
investigation into tensile strength o f the material was not o f primary importance the failure 
mode o f  the samples was not considered critical. Consequently all samples, except those 
exposed to the water immersion, failed in a SGM (refer to Figure 160) mode, while those 
immersed in water failed in a combination o f SGM and XGM. With these failure modes not 
being representative o f the ideal, the strength results presented in this chapter, while 
reasonably close to the manufacturers data o f 2.7 GPa dry and 2.5 GPa wet [299], should be 
considered only as a qualitative assessment o f  the reduction in tensile strength with increasing 
moisture content rather than a quantitative study. As the failure mode was associated with 
splitting the strain to failure data was inapplicable for comparison to standard FRC results.
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Figure 164 Variation in 0° elastic modulus with composite moisture content
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Figure 165 Variation in 0° tensile strength with composite moisture content
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8.5.2 90° E L A S T IC  M O D U LU S, T E N S ILE  S TR E N G TH  A N D  S T R A IN  TO
F A IL U R E
In direct contrast to the 0° samples, the 90° fibre orientated samples exhibited an appreciable 
loss o f both modulus (E (9(n) and strength. This is a reflection o f the deleterious effect that 
absorbed moisture has upon the mechanical properties o f the matrix. The loss o f modulus 
is around 20% o f the dry value, while the loss in tensile strength is around 50%. This 
suggests that the interface between the fibres and the matrix is degraded significantly by the 
presence o f absorbed moisture. The additional loss o f strength compared to that o f modulus 
is not unexpected as other work presents the same trend [133] using the explanation o f resin 
swelling and interface degradation as possible mechanisms for the increased strength loss.
The results o f Figure 166 and Figure 167 compare quite well with the manufacturer's data o f
9.5 GPa and 7.9 GPa for the modulus and 93 MPa dry and 45 MPa wet (tested at 100°C) for 
the tensile strength in the same test conditions. The strength values are slightly lower than those 
provided by the manufacturer but this may be partially attributable to the less than ideal failure 
mode o f the samples with all samples failing in the L A T  mode.
Moisture content (%)
Figure 166 Variation o f  90° elastic modulus with composite moisture content
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Figure 167 Variation in 90° tensile strength with composite moisture content
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Figure 168 Variation in 90° strain to failure with composite moisture content
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A  combination o f linear and exponential terms were used to represent the variation o f E(90O) 
(GPa) with moisture content (%w/w):
E{QQO) = 9.99(1 -  2.21 £-01 m -  7.20.E-05 e3J9m) (146)
The variation in strain to failure o f Figure 168 is comparable to that o f tensile strength. This 
supports the idea that decreasing interfacial adhesion between the fibres and the matrix caused 
by the absorbed water becomes a dominant failure mechanism. I f  the plasticising effect o f 
the water on the matrix was dominant an actual increase in strain to failure would be 
expected.
8.5.3 PO ISSO N 'S  R A T IO
The Poisson's ratios for the 0° and 90° modulus samples fitted with strain rosettes were determined 
by dividing the negative gradient o f the strain-load data perpendicular to the loading direction 
by the gradient o f the strain-load data parallel to the loading direction. Both gradients were 
obtained from linear regression o f the strain-load data over the range o f 1000-3000jus in the 
direction o f loading. The resultant data for v 12 and v21 are shown in Figure 169 and 
Figure 170. The v I2 values show a slight increase from 0.33 dry to approximately 0.35 wet 
while the v21 results are consistently around 0.026 except for one obscure data point. Such 
results are expected with the increasing moisture content having a more significant effect on 
the matrix dominated transverse strain in the 0° samples than in the fibre dominated 90° 
samples. To compare the results o f  the two sets o f  Poisson's ratio data, the theoretically 
equivalent ratios o f  v 12/E{0O) and v21/E(90o) are shown in Figure 171. This figure suggests that 
the v/E ratio does increase slightly with increasing moisture content and importantly, highlights 
the difference between the two measuring techniques for the Poisson’s ratio. The 90° results are 
all higher and with far greater spread than the 0° results. This is accepted as being a consequence 
o f the very low strains recorded in the transverse direction on the 90° samples, some o f which were 
o f the same order as the noise in the measuring equipment. As a result, the v12 results are 
recommended as being the more accurate for the material. A  linear least squares fit to the 
v 12 relates the Poisson's ratio o f  the unidirectional FRC to the moisture content by:
v12 = 0.332 + 0.007 m (147)
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Figure 169 Variation in v )2 with composite moisture content
Moisture content (%)
Figure 170 Variation in v2j with composite moisture content
250
The effect o f  absorbed  moisture on the mechanical and glass transition properties o f  a F R C 251
6.0 
H  5.0
C O
M
£o
4.0
S  3.0 -
Data from:
4  0  deg. Samples 
B l  90 deg. Samples
CSf-i
co
'§
C O
C O• f “l
O
Ph
2.0 M -
1.0
4
o.o -j-
o.o
I
j l
0.5 1.0 1.5 2.0
Moisture content (%)
Figure 171 Variation in WE with composite moisture content
2.5
8.5.4 F A IL U R E  SURFAC ES
The transverse (90°) mechanical properties have been shown to be more severely affected by 
absorbed moisture than the longitudinal (0°). This was thought to be a result o f the greater 
role that the fibre/matrix interfacial adhesion has on the former properties and its reaction to 
the presence o f the absorbed moisture. Scanning electron microscopy (SEM ) was used to 
examine the failure surfaces o f the transverse tensile samples. Figure 172 and Figure 173 
show typical failure surfaces o f diy and wet samples. The diy samples typically suggest that 
crack initiation and propagation occurred in either the interphase region surrounding the fibres 
or in the matrix itself as opposed to the interface. This indicates that an adequate level o f 
fibre/matrix adhesion was present in the manufactured samples. The higher the conditioned 
moisture content o f the samples the more their fracture surfaces were characterised by the 
presence o f apparently bare fibre surfaces as in Figure 173. Thus the interface, in the 
presence o f water, appears to represent a low fracture energy path. This loss o f adhesion 
explains the reduction in transverse strength o f the FRC.
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Figure 172 Failure surface o f  90° fibre Figure 173 Failure surface o f  90° fibre
orientated sample with test orientated sample with test
moisture content o f  0% moisture content o f  2.12%
8.5.5 SHEAR M O D U LU S
The in plane shear modulus shows a loss with increasing moisture content similar to that 
reported for E(90O). The magnitude o f the shear modulus is significantly lower than that 
specified by the manufacturer [299] who reports a value o f 4.6 GPa for a [±45°]6s laminate 
in a wet condition. Kellas et al [278] have investigated the ASTM  test method utilised to 
determine G 12 for the effects o f sample dimensions and ply stacking sequence. They conclude 
that the minimum thickness o f such samples should be 3 mm («24  plies) and that the 
sequence should be specifically stated in the standard to allow comparison between results. 
The samples used for the tests in this research were only 0.5 mm thick with a stacking 
sequence that may not have matched that o f the manufacturer. This may explain the 
difference in reported values for G 12. Additionally, the region chosen to determine the slope 
o f the shear stress-strain curve also affects the exact value obtained for the in-plane shear 
modulus. Regardless o f the magnitude, the reduction o f modulus with moisture content is 
expected to be typical and is assumed to be a direct result o f the reduction in matrix 
performance due to the plasticising effect o f the absorbed moisture.
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Figure 174 Variation in shear modulus with composite moisture content
G12 = 4.18(1 -  2.61 £-01 m -  7.90^-05 e372m) (148)
A  combination o f linear and exponential terms were used to represent the variation o f the 
shear modulus with moisture content. The form o f the variation was found to be very similar 
to that o f  E (90o} being initially linear up to moisture contents o f around 1.75%w/w before 
falling rapidly. The lowest moduli data in both Figure 166 and Figure 174 correspond to 
conditioning in water. The sorption data o f Chapters 6 and 7 have already shown some 
marked differences in performance o f samples exposed to water immersion as opposed to high 
activity levels. The significant change in the matrix controlled mechanical properties for this 
condition add further support to the proposal that water immersion may not be considered as 
a simple extension to atmospheric conditioning. This calls into doubt many o f the accelerated 
environmental test programmes which use hot water immersion to condition FRC samples 
rapidly.
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8.5.6 PRINCIPAL AND FIBRE AXIS ANGLES
8.5.6.1 C A LC U LA TIO N  OF PR IN C IPAL AX IS  ANGLES
Reference [294] discusses the calculation o f principal strains from strain rosette measurements 
using the strain transformation relationships (viz. Mohr's Circle for strain). Numbering the 
rosette gauges such that gauge 1 is parallel to, gauge 2 at 45 degrees to and gauge 3 
perpendicular to the edge o f the sample, the principal axis angle o f the FRC may be 
calculated from:
6 = — tan-1 
2
f e1 -  2e2 + e3 )
ei -  6c
(149)
where the subscripts indicate the strain reading o f the respective gauge.
From the data obtained in the tensile tests, the principal axis angles for all the rosetted 
samples were calculated with the minimum and maximum for each fibre orientation listed in 
Table X IX . The principal axis angles for the 0° fibre orientated samples fell into two obvious 
groups. One with an average o f 0.212° and the other with an average o f  2.812°. This is 
easily explained as this group o f samples were cut from two separate sections o f the A  master 
laminate while the 90° fibre orientated samples were all cut from the same section o f  the B 
master laminate and all found to be similar with an average principal axis angle o f  0.917°.
Table X IX  Sample Principal Axis Angles - Minimum and Maximum
Sam ple O rien ta tion M in im um  G (° ) M axim um  G ( ° )
0° 0.132 3.068
90° 0.550 1.538
8.5.6.2 FIBRE AX IS  M ISALIG N M E N T
From equations (135) through (137) and the limit results o f the tensile testing in sections 8.5.1 
through 8.5.5, upper and lower bounds for the fibre axis angle may be calculated for given 
principal axis angles and are shown in Figure 175 and Figure 176 for 0° and 90° fibre
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orientated samples respectively. From the results o f Table X IX  and the bounds indicated in 
the preceding graphs, the maximum magnitude o f the fibre axis angle for the 0° samples may 
be seen to be in the order o f 0.25° while the maximum deviation from the expected 90° in 
the transverse samples can be seen to be approximately 0.75°. The variations o f fibre axis 
angle shown in the preceding graphs are representative o f the mean fibre angle. On a 
microscopic level the actual fibre angle will be continually changing due to twist and 
misalignment o f the fibre rovings used in the manufacture o f the laminate.
Outer Limit #1 Outer Limit #2
E, - 7.5 GPa E, - 10.5 GPaEr - 165 GPa Er - 150 GPaOn - 4.25 GPa On - 3.25 GPa
un - 0.355 un - 0325
87 | i i ■ i | I I , i i I 1 , I ■ nTTTT T T ^ ^ r i I ■ I I  .................................|
-6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6
Principal Axis Angle (0 °)
Figure 176 Variation in fibre axis angle with 
principal axis angle: 90° fibre orientation upper 
and lower bounds
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£2 ■ 7.5 GPa G12 - 3.25 GPa un- 0.325
-0.4
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Figure 175 V aria tion  in fib re  a x is  a n g le  w ith  
p r in c ip a l  a x is  a n g le : 0° f ib re  o r ie n ta tio n  u p p e r  
a n d  lo w e r  b o u n d s
8.5.6.3 ESTIM ATIO N OF THE ERRORS DUE TO FIBRE M ISALIG NM ENT
To determine the effect o f the fibre misalignment on the measured elastic parameters, i.e. to 
see i f  the parameters directly obtained from the strain data are valid or have to be corrected 
for the fibre offset, the equations relating the load axis (x-y) parameters to the principal axis 
(11-22) parameters, as proposed by [239], are used:
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To determine upper and lower bounds, limit values o f the tensile data are again used for the 
principal axes parameters. This provides the regions in Figure 177 and Figure 178 in which 
the actual material parameters must confidently lie. These regions indicate that the worst 
possible consequence o f the calculated misalignment o f fibres is an error o f approximately 
0.1%. This is negligible and the material parameters calculated directly from the strain data 
can be used with confidence.
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Figure 177 Possible errors in material 
parameters w ith fibre axis angle:
0° fibre orientation
Figure 17R Possible errors in material 
parameters w ith fibre axis angle:
90° fibre orientation
8.6 RESULTS AND  DISCUSSION OF GLASS TRANSITION INVESTIGATION
8.6.1 THE INFLUENCE  OF MOISTURE C O N TE N T  ON D M TA  PROFILES
A  baseline D M TA  performance o f the A  and B laminates was determined from the samples 
conditioned in the Dry environment. Figure 179 shows the change o f the storage modulus 
(logE1) and tan5 with increasing D M TA  oven temperature. Numerous positions on these 
curves may be chosen to represent the Tg including the region o f initial reduction o f logE', 
the inflection point o f logE' and the temperature corresponding to the peak o f tan8. The latter 
location has been chosen for this research as it was found to highlight important aspects o f 
the effect o f water immersion on the FRC polymer matrix network. The difference in logE' 
values in Figure 179 is a result o f the D M TA instrumentation homogenising the varying ply
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fibre axis orientations into a net contribution to the bending stiffness (product o f effective 
stiffness and second moment o f cross sectional area) o f the samples.
0.30-n r  10.75
Temperature (°C )
Figure 179 Baseline DMTA profiles fo r  A and B samples - 0% moisture content
The transition regions o f both samples are characterised by narrow tan5 damping peaks and 
as expected, correspond to almost identical Tg values o f around 230-235°C. This is 
significantly higher than the 200°C reported by the manufacturer [299], The difference is 
however accounted for by the manufacturer using the point at which the magnitude o f logE' 
begins to rapidly decrease to determine Tg as opposed to the tand peak. This will inherently 
predict lower Tg values than the approach used in this research (although the former Tg value 
is probably o f more interest for structural applications o f the FRC than that predicted by the 
tanS peak as it is directly related to a loss in material stiffness).
As the initial moisture content o f the samples increases (i.e. moisture content at t=0), the 
transition region o f the FRC is shifted to lower temperatures because o f the increasing 
plasticisation o f the matrix network. This is more noticeable in the thicker A  samples 
(Figure 180) due to their increased retention o f moisture through the temperature scan to 
transition. The thinner samples loose significant portions o f the moisture as already 
mentioned, and the change is less marked (Figure 181). The selection o f a Tg is complicated 
in the more highly soaked samples by the presence o f what appear to be two tan6 peaks. A 
similar splitting o f the tan6 profile has been observed by other authors [265] and is explained 
by various mechanisms:
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(a) differential plasticisation o f the fibre/matrix interface region,
(b) the effect o f bound molecules within the polymer network, and/or
(c ) enhanced moisture diffusion during D M TA  experiments after the first tan6 peak.
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Figure ISO l  and profiles fo r  A samples: single and multiple sorption cycles
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Figure 1S1 Tand profiles fo r  B samples: single and multiple sorption cycles
The typical tan8 profiles o f Figure 180 and Figure 181 show that there is little difference 
between samples exposed to single or dual sorption cycles. The slight lowering o f the 
temperature o f the tan5 peak(s) in the latter is accounted for by the increased moisture uptake 
o f these samples in the second cycle absorption. As the initial moisture conditioning 
increases, several changes to the tanO profiles are observed:
Conditioning environment 
  Dty
  Atmospheric-50 (1st cycle)
  Atmospheric-75 (1st cycle)
  Atmospheric-96 (1st cycle)
  -  Atmospheric-50 (2nd cycle)
  -  Atmospheric-75 (2nd cycle)
— - -  Atmospheric-96 (2nd cycle)
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(a) the peaks become lower and far more broad,
(b) samples with high initial moisture contents begin to exhibit two tan8 peaks, and
(c) as the sample initial moisture contents increase further, the low temperature tanS 
peak becomes more dominant than the high temperature peak.
Chateauminois el al [265] have reported extensively on the effects o f D M TA  testing 
conditions on the appearance o f the tan8 profiles. They conclude that the two peaks are not 
attributable to any chemical alteration o f the matrix. Instead they suggest that the two peaks 
correspond to the differential plasticisation o f the FRC due to their non-uniform moisture 
distribution. They also note that the tanS peaks resultant from the non-uniform distribution 
o f moisture are not applicable as indicative transition temperatures. They then suggest that 
the only method o f determining an accurate Tg value for moisture conditioned samples is to 
prevent the loss o f moisture during conditioning; a process which they attempted to achieve 
by pasting aluminium foil around the sample surfaces.
In essence the results o f  the investigation with T800/924 concur with the findings o f [265] 
although no samples exhibit two clear tan8 peaks instead they show a dominant (primary) 
peak and a secondary raised tanS plateau. This can be seen in the second cycle uptake o f the 
B laminate samples conditioned in the Atmospheric-96 environment. Several o f the B sample 
tan8 profiles exhibit a single raised plateau. These plateaux could be argued as being a 'flat' 
tan8 peak however the results o f  this research and those o f [265] suggest a more complex 
explanation.
As the samples are tested they dry as shown in Figure 162. Their rate o f  drying increases as 
a result o f  the diffusion coefficient o f the material increasing exponentially with temperature. 
This rate o f moisture loss must then reach a point where the driving concentration gradient 
reduces more rapidly than the increase in diffusion coefficient and thus the rate o f  moisture 
loss asymptotes towards zero as the moisture content approaches zero. This results in a 
sigmoidal form o f moisture loss best exhibited in the Atmospheric-96 B samples o f 
Figure 163. With suitable values for the volumetric expansion coefficients and glass 
transition temperatures o f the polymer/FRC and water the revised form o f the Kelley/Buesche 
model [245] is well represented by a straight line, i.e. a decrease in the effective moisture 
content (mcff) o f the sample is directly related to a consistent increase in Tg. The definition
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o f the effective moisture content is discussed in the next section however at present, let it be 
considered as the equivalent uniformly distributed moisture content that would reduce the Tg 
the same amount as does the non uniform distribution in the D M TA samples. The variation 
o f metT with increasing temperature is assumed to be similar to that o f the average moisture 
content, i.e. sigmoidal. A  speculative consideration o f the possible cause o f the secondary 
tan§ plateau may then be made with the aid o f Figure 182. The left side o f the figure shows 
the variation o f Tg o f five separate samples (A -E ) and the D M TA oven temperature with test 
time and the right hand side the variation o f tand for each o f these samples. The dominant 
tan8 peak is caused by the Tg o f the sample exactly matching the temperature within the oven 
while the plateau is formed by an encroachment o f the sample Tg to the oven temperature. 
Figure 182 thus explains the appearance o f the multiple peaks The extended plateau data 
mentioned previously corresponds to the condition exhibited by sample C where its Tg 
variation with time matches that o f the oven temperature for an extended period. This 
hypothesis then partially confirms the affirmation o f Chateauminois el al [265] that the 
secondary peak is not a transition temperature however, it does suggest that the primary peak 
is a valid Tg for the particular meff at that temperature.
Time in D M T A  oven Tan6
Figure 182 Drying phenomena leading to formation o f  multiple tand peaks
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The principles o f the hypothesis then require the experimental tanS profiles to show:
(eg. Atmospheric-96 conditioned A  samples) exhibiting a primary peak at a lower 
temperature than the secondary plateau and vice versa (eg. the low moisture content 
B samples) and
from a sample in a given time and the dominacy o f the tan8 peak moving from the 
higher temperature value to the lower temperature.
Both o f these requirements have been shown to hold in experimental samples by either the 
results o f  this research or by [265]. With the validity o f the primary tanS peak established 
an assessment o f mcff is required to provide the necessary Tg versus moisture content data.
8.6.2 TH E  V A R IA T IO N  O F M O IS TU R E  D IS T R IB U T IO N  A T  Tg
Equation (144) has already been shown to represent well the average moisture loss from the 
D M TA  samples due to the drying effect. Thus, it is not unreasonable to assume that the 
concentration solution to the Fickian model, from which this is derived, is also a reasonable 
approximation o f the physical distribution o f the moisture within the FRC:
As for equation (144), this is the one dimensional model which must be expanded into the 
full three dimensional expression to account fully for the distribution o f moisture throughout 
the sample. A  cross section through the centre o f the samples shows the predicted non 
uniform distribution o f moisture in Figure 183 and Figure 184 at various drying times. These 
figures show that the samples conditioned to higher initial moisture contents loose their 
equilibrated distribution at a much greater rate than the lower conditioned samples due to their 
increased desorption diffusion coefficient and the steeper concentration gradients set-up during 
drying; this supports the concept proposed in Figure 182. They also graphically demonstrate 
why the B samples generally fail to exhibit separate tan8 peaks. The moisture loss from
(a) samples with high initial moisture contents or low desorption diffusion coefficients
(b) an increase in the heat up rate o f the D M TA  test causing less moisture being lost
-(3/+1)*gc
ft2
(162)
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these samples is so great that concentration distribution o f even the highly conditioned 
samples rapidly approaches that o f the lower conditioned samples by the time the transition 
region is approached.
0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00
z/h
Figure 183 C o n c e n tra tio n  a s  a  fu n c tio n  o f  c ro s s  se c tio n a l lo c a tio n  (%> th ickn ess), 
in itia l m o is tu re  co n te n t a n d  dry’in g  tim e: A sa m p le s
2 0-,___________________________________________________ i_______________* Conditioning environment
.. . - 10 min »  75°C
  20 min * 125°C
  30 min ® 175°C
—  -                 —I -------------  40 min s 225°C
  50 min ■ 275°C
0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00
z/h
Figure 184 C o n c e n tra tio n  a s  a  fu n c tio n  o f  c ro s s  se c tio n a l lo c a tio n  (%  th ickn ess), 
in itia l m o is tu re  co n te n t a n d  d ry in g  tim e: B sa m p le s
8.6.3 E F F E C T IV E  M O IS T U R E  C O N T E N T  A T  T g
The main argument behind the decision o f [265] to not accept the tan5 predicted peaks as 
indicative values o f the Tg was the inability to determine what the effective moisture content 
o f the specimen was. The various forms o f the Kelley/Bueche model assume a homogeneous 
distribution o f penetrant within the polymer and thus, some means o f determining an effective 
moisture content for the non-uniform distribution must be obtained to compare experimental
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data to that o f the theoretical model (equation (84)). The glass transition temperature is 
defined as the temperature at which numerous parameters exhibit an abrupt change o f 
magnitude (eg. thermal expansion coefficient, elastic and stress relaxation moduli and creep 
compliance). Below this temperature the thermal energy is insufficient to overcome the 
potential barriers for translational and rotational motions o f the segments o f the main polymer 
chains. These changes in properties are related to the initiation o f micro-Brownian motion 
o f  the polymer chains and, in some instances, short range diffusional motion [300], We know 
that the presence o f moisture in the polymer network reduces the potential barrier for such 
segmental motion and that the trend o f this reduction is predicted by the Kelley/Bueche 
model.
As the D M TA  process is based upon the response o f the sample to forced three point bending 
it is obvious (and often used as an excuse for poor experimental to theoretical correlation) that 
the outer plies o f  a sample contribute to the response in a greater way than the core. The 
effect that the non-uniform moisture distribution has on the temperature at which the primary 
tanS peak occurs is related to the change in the energy ratio o f  dissipative and storage 
mechanisms (eg. viscoelastic damping and potential energy respectively). This is quite a 
complex combination o f processes upon which to assess the effect o f a non-uniform moisture 
distribution and thus a simplifying assumption is made. The tanb peak typically occurs at a 
similar temperature as the inflection point o f logE f Tan8 is defined as the ratio o f loss 
modulus to storage modulus with the effective elastic modulus o f the sample being equal to 
the hypotenuse formed by these two D M TA  moduli. Because tan§ does not exceed 0.3, the 
storage modulus o f the sample may be considered as equivalent to the elastic modulus o f the 
sample. As the change in modulus o f a sample at the Tg is associated with the same 
mechanisms by which Tg is defined, a uniform moisture distribution that results in the same 
changes in elastic modulus as the non-uniform moisture distribution would appear to be a 
good first approximation o f an effective moisture content.
The storage modulus measured by the D M TA  is based upon the bending stiffness o f the 
sample which in turn relies firstly upon the FRC sample lay-up and secondly upon the effect 
o f the moisture distribution. In the absence o f any significant micro-Brownian motion the 
bending stiffness is calculated by equation (153).
The effect o f  absorbed  moisture on the mechanical and glass transition properties o f  a F R C 264
EIi = f E A{ m ( x , z ) ) z 2 dA (1 5 3 )
A
where z is the distance from the central (x ) axis o f the sample, A  is the cross sectional area 
o f the sample and dA a small portion o f this cross sectional area with a local modulus EA 
depending upon the moisture content (m ) at its centroid ( {x ,  z } ) .  Ignoring the variation o f 
moisture along the length o f  the sample (as its effect is negligible to the bending stiffness) 
equation (153) is able to calculate the bending stiffness o f a sample with any moisture 
distribution through the use o f the representative equations for the material parameters 
(equations (145) to (148)).
At the Tg the stiffness o f the sample is far less than that predicted by equation (153) using 
the moisture distribution calculated by equation (152). This is due to the relative 
contributions o f the moisture contents within dA to micro-Brownian motion. As the 
Kelley/Bueche model predicts a linear variation o f Tg with equilibrium moisture content it 
is not unreasonable to assume that the formation o f micro-Brownian motion and hence its 
contribution to the reduction in EA is linearly proportional to the moisture content within dA. 
The maximum contribution to the formation o f  the Brownian motion w ill thus occur in the 
centre o f the sample and the minimum on the outer surfaces; in direct opposition to their 
relative contributions to the loss in modulus. In a sample at Tg with a non-uniform moisture 
distribution the bending stiffness may then be calculated by:
EI2ABmax = fEA( m ( x , z ) ) z s m(x154)
A  m max
and similarly in a sample with a uniform moisture distribution:
EIs EBeff = j E A(m (x , z ) ) z 2 A B eJ^ dA (155)
where ABmax and ABelf represent the maximum and effective contributions o f  the respective 
moisture distributions to micro-Brownian motion and consequently loss o f local elastic 
modulus.
For the uniform distribution to represent an equivalent contribution to micro-Brownian motion 
and hence loss o f bending stiffness the differences between equation (153) and (154)
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calculated for a non-uniform moisture distribution and equation (153) and (155) for a uniform 
distribution should be equal. As AB has been assumed to vary linearly with m this can be 
changed into a relationship between the maximum moisture content within a sample and the 
moisture content o f  the uniform distribution:
( eT f) [ 1 ] uniform distribution [ ^ ] non -uniform distribution [ 2^] ^ max (156)
The level o f mclT may then be iterated to find an effective uniform moisture content for the 
sample at Tg.
8.6.4 TH E  E FFE C T O F  M O IS TU R E  C O N T E N T  O N  Tg
Figure 185 shows the resultant variation o f Tg with calculated effective moisture content. To 
compare this data to the predictions o f the revised Kelley/Bueche model the following 
assumptions have been made to obtain the necessary parameters o f equation (84):
(a) the volumetric expansion coefficient and glass transition temperature o f water are 
taken to be 0.7xl0"3 K"1 and 134 K  as reported by [265],
(b ) the volumetric expansion o f the epoxy matrix is taken as 64x1 O'6 ICl as reported by 
[265] and
(c ) non-ideal mixing o f the polymer matrix and penetrant is accounted for by the 
method described in both [52] and [245] where:
K . -  1
p f (157)
1 + AF
( U J
and AV/(V0)p is given by equation (130). Although equation (130) was derived for 
a unidirectional FRC, it is assumed to be applicable for the D M TA  samples (which 
were not unidirectional - see Table X V III) as an approximation o f ideal penetrant 
mixing within the FRC.
Figure 185 shows that the theoretical model using the above mentioned parameters provides 
an extremely good fit to the experimental data. Use o f  either average or maximum moisture 
contents provide far worse correlation and initially suggested that the calculated effective 
moisture content was accurate. However, it has been found that the Kelley/Bueche model is
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extremely susceptible to changes in the value o f the volume expansion coefficient o f water. 
The greatest problem with determining an accurate value o f this number is that the water is 
far above its boiling point in the regions o f interest and the exact contribution o f the water 
vapour to the polymer free volume becomes uncertain [65], In Figure 185 the Kelley/Bueche 
model uses the value o f the un-reinforced polymer for the volumetric expansion coefficient. 
It could be argued that the appropriate value for the FRC should be used instead. The choice 
o f the former for this research is based upon using the expansion coefficient for water as 
quoted by [265] who determined this value in an un-reinforced epoxy. It has been assumed 
that any effect on the polymer expansion coefficient as a result o f the reinforcement will be 
mirrored in the expansion coefficient o f the water and no net effect in the Kelley/Bueche 
model observed. Until a thorough investigation determines an accurate value for the 
expansion coefficient o f water and the effects o f fibre reinforcement upon it, the correlation 
between experimental and theoretical predictions must be treated with caution.
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Figure 185 Glass transition temperature as a function o f  effective moisture content
Support however is given to the moisture distribution correction technique by its ability to 
correlate data for samples o f differing thicknesses, moisture distributions and lay-ups. Use 
o f  the average moisture content resulted in significant scatter o f the Tg vs moisture content 
data. The positive deviation o f the data in Figure 185 in the higher moisture regions is
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typical o f polymer networks where moisture may be absorbed into a swollen or micro­
damaged network (cracks or voids) in a manner where its effect on the polymer interactions 
is less than in other regions (eg. as a second moisture layer within a micro-void). Importantly 
for this work, the lowest value o f Tg  recorded was in the order o f 160°C which compares 
well with the wet Tg o f 152°C quoted by the manufacturer.
8.7 C O N C LU S IO N S
The objectives o f this chapter were to investigate experimentally the degradation o f 
mechanical properties and reduction o f glass transition temperature o f T800/924 FRC by 
absorbed moisture. The fibre dominated properties o f longitudinal modulus E(Q0) and strength 
showed a slight reduction with increasing moisture content. Conversely, the matrix dominated 
properties o f shear modulus (G 12) and transverse modulus (E(90O)), strength and strain to failure 
all exhibited significant deterioration, especially in a water immersed environment. The 
transverse strength and strain were most dramatically affected with a moisture content o f 
2%w/w producing losses o f approximately 50% the dry values. The reduction in these 
properties was found to be caused by a combination o f matrix plasticisation and a reduction 
in the fibre to matrix adhesion. The latter effect was observed from SEM o f transverse failure 
surfaces. The surfaces o f dry samples displayed resin adhering to the fibres while wet 
specimen surfaces showed a far greater proportion o f bare fibres suggesting the reduction in 
fibre-matrix adhesion due to the water. The Poisson's ratio was measured and found to 
slightly increase with absorbed moisture. Representative expressions were obtained for 
variation o f E(0O), E(9QO), G ]2 and v 12 with moisture content, the expressions for E(90O) and G {2 
being remarkably similar.
D M TA  measurements o f the glass transition temperature o f moisture conditioned FRC 
samples was found to be complicated by the samples partially drying during the temperature 
scan. This drying was found to cause the damping angle (tanS) to exhibit dual peaks in 
samples conditioned to high moisture contents. The dual peaks were proposed to represent two 
differing moisture distributions within the sample and their relative effect upon the initiation 
temperature for micro-Brownian motion. A  correction technique was proposed to estimate an 
effective uniform moisture content to represent the contribution o f the non-uniform moisture
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distribution in the samples. The resultant Tg versus moisture content experimental data was found 
to match the realistic predictions o f the Kelley/Bueche model and showed that Tg reduced from 231°C 
(Dry) to around 160°C (W et).
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9 THE EFFECT OF MOISTURE ON THE 
JOINING OR REPAIR OF FRC SUBSTRATES 
BY ADHESIVE BONDING
9.1 IN T R O D U C T IO N
This chapter examines the effect o f moisture on the integrity o f an adhesively bonded scarf 
joint, assembled using FRC substrates. Such a joint could typically be used for initial 
construction o f a component or for damage repair. Depending on the environment to which 
the substrates have been exposed prior to bonding and the operating environment in which 
the bonded joint will be expected to perform, moisture may attack the integrity o f the joint 
from two principal sources: from the atmosphere after bonding (i.e. "post-join") or from the 
substrate during joint cure ("pre-join").
A  in-service repair w ill experience moisture from both these sources. A  FRC component 
inevitably contains some moisture absorbed from the atmosphere. Chapter 6 has shown that 
the moisture content o f  RAF aircraft FRC components may be as high as 0.8%w/w, although 
the exact value o f this in-service moisture content will depend on operating environment and 
the sorption and physical characteristics o f the FRC. Often a repair will be made using a pre­
cured patch as opposed to an in-situ cure, especially for depot level repair, since such repairs 
generally provide improved performance. The patch will most likely have a different 
moisture level than the damaged substrate.
Most organisations involved in adhesive bonded repair o f FRC components have regulations 
or recommendations for the pre-drying o f damaged substrates. These guidelines are aimed 
at avoiding the possibility o f the atmospherically absorbed moisture within the substrate 
affecting the integrity o f the repair. Usually the temperature, time and environmental 
humidity conditions specified for the pre-drying are based on very approximate calculations 
with the common thought that the longer the drying process the better. This is obviously 
tempered with a need for the damaged component to be returned for use as soon as possible 
and it would appear from the lack o f literature on the subject that a thorough investigation
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into the pre-drying process has not been conducted.
The experiments discussed in this chapter investigate the effect o f five substrate moisture 
conditions/combinations on the performance o f  a model scarf joint. Aspects considered 
include:
(a) post-join environmental exposure,
(b) pre-join substrate moisture content,
(c ) combined pre-join substrate moisture content and post-join environmental exposure,
(d) repair o f a moisture conditioned substrate with a Laboratory conditioned "O ff the 
sh e lf pre-cured patch and
(e) the effectiveness o f pre-drying moisture conditioned substrates before bonding.
Ciba Composites Fibredux T800/924 FRC was used as the substrate while Ciba Redux 312/5 
and 3M Scotch-Weld AF-163 were the epoxy adhesives chosen to bond the substrates 
together. Generally the performance o f  the joints was found to be degraded with increasing 
moisture levels regardless o f the source. The effects o f the combined exposure were not 
found to be cumulative and the joints performed no worse in these conditions than in the 
worst case o f  the separate exposure conditions. Using the pre-cured repair seemed to improve 
the performance o f the joint in some conditions, but these improvements were minor. Pre­
drying was found to be extremely beneficial to the joint performance and these results led to 
the suggestion that it is the moisture desorbed from the substrate into the adhesive during cure 
that is the performance determining factor as opposed to the substrate moisture content prior 
to bonding. This idea was investigated thoroughly and found to be well supported by 
theoretical and experimental data. This provides a new philosophy on the conditions and time 
for which substrates should be dried prior to adhesively bonded repair. A  simple model was 
also developed to determine the quantity o f moisture desorbed to the adhesive from the 
substrates and thus shows that extended drying is not always beneficial to the repair o f  
damaged substrates.
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9.2 AIMS
The aims o f this part o f  the research were:
(a) to examine the performance o f adhesively bonded scarf joints when exposed to 
moisture post-join,
(b) to investigate the effect o f  FRC substrate pre-join moisture content on the 
performance o f a scarf joint and
(c ) to develop a model which would assist in the prediction o f minimum pre-drying 
conditions for joints involving moisture conditioned substrates.
9.3 SAMPLE PREPARATION
9.3.1 MATERIAL AND ENVIRONMENTAL CONDITIONING
The T800/924 FRC described in Chapter 6 was used for all joint substrates. The master 
laminates supplied by DRAFamborough were approximately 2.05 mm thick, o f unidirectional 
[0 °]16 lay-up and had a fibre volume fraction o f  0.58 (determined by the optical technique 
previously described in Chapter 6). D R A  supplied C-scans o f these laminates to verify the 
non-existence o f sub-surface defects prior to sample manufacture.
Two adhesives were used to bond the substrates:
(a) Redux 312/5 film adhesive, manufactured by Ciba Composites and supplied courtesy 
o f  D RA (Famborough), which is a high strength 120°C cure modified Bisphenol-A 
epoxy resin intended for use in high temperature environments. It contains modified 
dicyandiamide and a woven nylon carrier cloth and has an expected gel time o f 30 
minutes [301].
(b) 3M Scotch-Weld A F -163-2 film adhesive, supplied by 3M United Kingdom PLC. 
(Manchester), which is a variable temperature cure modified epoxy resin intended 
for use in high temperature and humidity environments. The form used in this 
research included a knitted nylon carrier cloth and at 120°C cure temperature had 
an expected gel time o f 20.5 minutes [302].
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Both adhesives were stored at room temperature in a 0% RH desiccator for approximately one 
week prior to use in a joint. This period o f time was found to be sufficient to remove the 
0.20%w/w (approx.) moisture inherent in the adhesives even though they had been stored in 
a sealed desiccated freezer bag. The manufacturers o f both adhesives specify that this time 
is well within acceptable room temperature shelf lives. Sorption characteristics o f the two 
adhesives were obtained from commercially restricted investigations performed at D RA 
Farnborough. Consequently these results are not explicitly mentioned within the analysis and 
discussion regarding these properties is limited to qualitative terms [279]\
Table X X  Test matrix fo r adhesively bonded jo in t 'repair testing
Investigation  in to the e ffe c t o f: Substrate 1 pre-jo in  cond ition ing Substrate 2 pre-jo in  cond ition ing Post-jo in  cond ition ing
O ne m onths exposure to environm ents o f Dry Dry D ry
va ry in g  re la tive hum idity a fte r  jo in in g Dry Dry Laboratory'
(post-jo in  exposure to lerance: 28-32 days) Dry Dry Atmospheric-75
Dry Dry- Atmospheric-96
Dry Dry W ater immersed
V a ry in g  equ ilib rium  levels o f  p re-jo in Dry Dry Dry
m oistu re w ith in  the F R C  substrates Laboratory Laboratory Dry
(jo in ts d ried  to e ffec tive  0 %  m oisture Atmospheric-75 Atmospheric-75 Dry-
con ten t p r io r  to testing by exposure to Atmospheric-96 Atmospheric-96 Dry'
0% R H /85°C  env ironm en t fo r  one m onth: 
26-31-days)
W ater immersed W ater immersed Dry'
C om b ined  e ffec t o f  p re-jo in  and post-join Dry Dry' D ry
m oisture cond ition ing  (p re -jo in  cond ition ing Laboratory Laboratory Laboratory'
to F R C  equ ilib rium , post-jo in  cond ition ing Atmospheric-75 Atmospheric-75 Atmospheric-75
fo r  one m onth : 29-31 days) Atmospheric-96 Atmospheric-96 Atmospheric-96
W ater immersed W ater immersed W ater immersed
R ep a ir  to a m oisture conditioned substrate Dry Laboratory Dry
using an " O f f  the s h e l f  p re-cured patch Atmospheric-75 Laboratory Dry-
(jo in ts  d ried  fo r  24-33 days p r io r  to testing) Atmospheric-96 Laboratory Dry'
W ater immersed Laboratory Dry'
Non-un iform  m oisture d istribu tion  in Aim ospheric-96 - dried for 0.50 hr Atmospheric-96 - dried fo r 0.50 hr Dry-
substrates caused by p re -d ry in g  in 0 % R II Atmospheric-96 - dried fo r 1.00 hr Atmospheric-96 - dried for 1.00 hr Dry
env ironm en t fo r  va ry in g  periods o f  tim e Atmospheric-96 - dried lo r 2.50 hr Atmospheric-96 - dried fo r 2.50 hr Dry-
(jo in ts  d r ied  fo r  23-28 days p r io r  to testing) Atmospheric-96 - dried fo r 10.0 hr Atmospheric-96 - dried for 10.0 hr Dry’
Atmospheric-96 - dried for 20.0 hr Atmospheric-96 - dried for 20.0 hr Dry
A ll environmental conditioning was conducted at 85° C (including pre-drying o f  the non-uniform moisture distribution samples)
For more quantitative information please contact the author or supervisors o f this research
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The "O ff the shelf' patch investigation used a substrate stored in Laboratory conditions for 
approximately three months to represent a pre-cured/workshop stored repair patch.
In determining test conditions and procedures two relevant standards were used for guidance; 
ASTM  D1828 a standard practice for atmospheric exposure [303] and ASTM  D1151 a 
standard test method for investigating the effect o f moisture on an adhesive bond [304], The 
resulting test conditions (both pre-join and post-join) are shown in Table XX  along with the 
aim o f  the investigation for each set o f joint samples.
9.3.2 D IM EN SIO N S  A N D  C O N S T R U C T IO N
The joint configuration normally proposed to investigate the performance o f adhesively 
bonded joints is either a single or double overlap [305, 306], However, investigations into 
the effect o f moisture on bonded repairs have typically used a form o f modified scarf joint 
originally proposed by Myhre el al [307, 308], The modified scarf joint is typical o f a depot- 
level aircraft repair scheme for a thick adherend and consequently performs well under even 
the most extreme conditions, frequently resulting in failure o f the substrate as shown by 
Robson et al [273], Substrate failure is ideal for an aircraft repair however, it does hide the 
effect moisture exposure has upon the integrity o f the adhesive bond.
20I
A ll dimensions in millimetres
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t— t
Extensometcr gauge length = 50mm
Figure 186 Scarf joint dimensions
Void Volume Fraction 
Cross Section
NOT TO SCALE
Section A-A 
Figure 187 Standard test panel
A  simple scarf joint was chosen as the specimen geometry for this research since it provides 
the best combination o f reduced eccentricity, simplified stress analysis and ease o f 
manufacture. The dimensions o f the scarf were chosen to be less than that required for 
substrate failure (see Chapter 1) to ensure that all joints would fail in the region o f the
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adhesive. Figure 186 shows the dimensions o f the joint used for all testing. The individual 
samples were cut from the centre o f  a conditioned test panel immediately prior to tensile 
testing as recommended by [306] with the immediate edge sections o f the test panel discarded 
except for a small portion used to represent the cross section o f the joint (see Figure 187). 
This allows edge moisture diffusion effects to be neglected in the analysis o f the joint. A  
minimum o f three samples were tested in each o f the conditions outlined in Table XX.
The major sample dimensions were determined at the time o f tensile testing (substrate 
thickness, width etc.) while the remaining dimensions (scarf angle, adhesive thickness etc.) 
were obtained from photomicrographs o f a typical cross section o f the joint (shown in 
Figure 187 as section A -A ). The failure load o f the joints was sufficiently low to allow 
emery paper friction tabs to be used as the medium for load transfer from testing machine to 
sample. A ll joints had their extensional response to tensile loading recorded using a 50 mm 
gauge length INSTRON ±5 mm travel extensometer. The extensometer was mounted 
centrally across the scarf. Light substrate surface score marks were used to locate and prevent 
slippage o f  the knife edges o f the extensometer in this position.
9.4 EXPERIMENTAL PROCEDURE
9.4.1 SAMPLE MOISTURE CONTENT
Square sections («140xl40  mm) o f the master laminate were scarfed by a rotating tungsten 
bit on a milling machine in the as supplied condition o f the master laminates. The samples 
were then weighed and placed into the required environmental conditions. The initial 
moisture content and dry weight o f  these sections were determined from the dried weights o f 
the sections exposed to the Dry environmental conditions. The sections remained in their 
respective environments until they equilibrated. In this condition the sections were weighed 
and then cut in half perpendicular to the scarf to form one substrate o f the test panel shown 
in Figure 187. From one o f these substrates a smaller traveller coupon was cut («20x70 mm) 
and was assumed to be representative o f the moisture content within the two substrate 
sections.
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For joints with identical substrate moisture contents (as opposed to the pre-cured patch 
investigations) the two substrates were bonded to form the standard test panel o f Figure 187 
and then returned to the requisite post-join environment. The traveller coupon accompanied 
these joints in all conditions. For joints using Laboratory conditioned repair substrate to 
represent an "O ff the sh e lf patch , traveller coupons were cut from both halves o f the 
moisture conditioned 140x140 mm laminate section to represent the moisture content o f the 
environmentally prepared substrates. These substrates were then bonded to previously 
prepared Laboratory conditioned substrates to form the test panels which were then stored in 
the D iy environment until testing. For all FRC test panels their respective traveller coupons 
were weighed both before and after testing o f each sample to give average moisture contents 
for the coupons which was assumed to be representative o f the moisture content within the 
joint substrates at testing.
9.4.2 SU R FAC E  P R E -T R E A T M E N T  A N D  CU RE  O F JO INTS
Prior to joining the scarf surfaces were cleaned by:
(a) a light hand abrade with 1200 grade grit paper and then
(b ) a thorough degrease with isopropanol.
Once cleaned, the joint was mounted ima jig  to ensure stability during cure. The jig  was then 
placed into a temperature controlled oven pre-heated to 60°C and masses equivalent to a joint 
pressure o f 185 kPa were placed on top to create the required adhesive cure pressure. The 
oven was heated to 120°C at 3°C/min at which temperature the joint was held for 5 hours to 
ensure full cure o f the adhesive. The oven was then allowed to cool before the joint test 
panels were removed with their traveller coupons to the required post-join environment.
9.4.3 T E N S ILE  T E S T IN G
Tensile testing o f the manufactured scarf joints was conducted essentially in accordance with 
A S TM  STP D3528 [306], The tests were conducted in Laboratory conditions using an 
INSTRO N 1175 tensile testing machine to load the joints monotonically in tension. The rate 
o f cross head movement was set to 0.5 mm/min. A t failure the joints were immediately
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stored in re-sealable bags to preserve failure surfaces for future analysis.
9.4.4 VOID VOLUME FRACTION
From the remnants o f the standard test panels an internal joint cross section was obtained (see 
Figure 187). This surface was polished and photoimaged on a Zeiss Axiophot 
photomicroscope. The resultant micrographs were used to determine the average scarf angle 
o f  the joint, the physical length o f the adhesive layer and the average thickness o f  the 
adhesive. A  Cambridge Instruments Quantimet 970 was then used to determine optically the 
void content o f the typical cross section shown in the photomicrograph.
9.5 RESULTS AND DISCUSSION FOR JOINTS WITH UNIFORM PRE-BOND
SUBSTRATE MOISTURE DISTRIBUTIONS
9.5.1 ANALYSIS OF JOINT RESPONSE TO TENSILE LOADING
Joint extension (gin)
Figure 188 Load-extension data from a typical scarf jo in t
A  typical force-extension curve for the scarf joints tested is shown in Figure 188. Importantly 
the joint exhibits a region o f linearity in which the substrates and adhesive are all performing 
elastically. This allows the slope o f  the load-extension curve to be used to estimate the 
material characteristics o f the adhesive. Typically research has reported the performance o f 
the joints in terms o f an average tensile strength o f the joint [63, 273]. This may be
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applicable for the modified scarf used in such investigations as the substrates are expected to 
exhibit failure, but in the case o f the simplified scarf joint it is more consistent to express the 
results in terms o f an average adhesive shear stress (xa) and similarly joint strain to failure as 
adhesive shear strain to failure (ya). A  simple analysis o f the joint is given below.
The total extension o f the joint (X ) between the knife edges o f the extensometer is comprised 
o f adhesive and substrate extensions (X a and X s). Using Figure 189 the adhesive extension 
may be assumed to be equal to contributions from tensile (X at) and shear (X as) loading:
X a =  Xfl,sin0 + X^cose (158)
The substrate extension within the gauge length (1) is equal to:
sine j (159)
where ta, ts, w, and Es are the adhesive and substrate thicknesses, joint width and substrate 
elastic modulus (E{0<,}) respectively.
The average adhesive tensile and shear stresses are:
Fsine
n„w
(160)
FCOS0
n„ w
(161)
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so that the adhesive extensions may be calculated as:
(162)
(163)
where G is the adhesive shear modulus.
Defining Q as the gradient o f the load-extension curve (obtained by linear regression in the 
load range 0.0-1.5 kN), i.e. Q=F/(Xa+ X s), small angle approximations may then be used to 
derive an expression for the adhesive shear modulus:
The substrate modulus is obtained from the results o f Chapter 8 and depends upon the 
moisture content o f the substrate at testing. Using this simple elastic analysis the average 
values o f  the shear modulus calculated from the joint responses were quite low  with a 
significant amount o f scatter. A  more detailed FE analysis was conducted to establish the 
accuracy o f the simple approximations and was found to explain both the low values and the 
scatter.
The FE model consisted o f  eight node quadrilateral elements and a typical mesh is shown in 
Figure 190. The substrate element properties dependent upon moisture content as established 
in Chapter 8 while the adhesive was assumed isotropic with a Poisson's ratio o f 0.34 (from 
[302]) so that Ea could be related to the shear modulus. By running the analysis for a range 
o f adhesive shear modulus values, a relationship between overall joint stiffness and the 
adhesive shear modulus was obtained.
G =
C cos2e
(164)
naw J_ _ V sine , 
Q tswEs
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Figure 190 Simple FE  model used to investigate response o f  scarf joint to tensile loading
This is shown in Figure 191 along with the prediction o f equation (164). In the region o f 
expected shear modulus values (0.25 to 1.0 GPa) the relationship between G and Q changes 
sharply and consequently any slight error in establishing the experimental value o f Q will 
have a significant effect on the calculated value o f G. Figure 191 also shows that simplified 
analysis under-estimates the shear modulus. The calculated values o f G presented later in this 
chapter are from the FE analysis using separate models matched to the dimensions o f the 
individual samples. This has resulted in most data for G exhibiting acceptable scatter and 
allows some qualitative assessment o f the effect o f the various forms o f moisture on the shear 
modulus o f the cured adhesive.
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Mechanical mathematics prediction 
Finite element prediction
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Force/Extension gradient of joint (MN/ni)
Figure 191 Relationship between adhesive shear modulus and tensile response o f  scarf jo in t
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9.5.2 RESU LTS  O F E X P E R IM E N T A L  P R O G R A M
Figure 192 to Figure 209 show the experimental results o f the joint tensile testing the 
averaged numerical results o f  which are included as Appendix B. A  full discussion o f these 
data is given immediately following the figures. The results o f the joints using the Redux 
312/5 adhesive are shown first followed by those o f the Scotch-Weld AF-163 adhesive. 
Parameters shown are the average adhesive shear stress at failure, the adhesive shear strain 
at failure and the calculated value o f the adhesive shear modulus.
Each page contains three graphs; the first shows the effect o f  one months post-join 
environmental exposure to varying moisture conditions on the joint parameters, the second 
the effect o f differing levels o f  pre-join substrate moisture content and the third the combined 
effect o f the pre and post-join moisture exposure o f the previous two investigations. The 
performance o f repairs using an "O ff the shelf' patch are shown in the second figure o f each 
page with the moisture content o f  the environmentally conditioned substrate used as the 
horizontal axis ordinate. The equivalent value for the pre and post-join exposure samples is 
taken as the average o f  the substrates moisture contents prior to joining and at testing. In the 
majority o f  samples these values were almost identical; the post-join moisture level (test level) 
usually being slightly higher than the pre-join value (as expected by the post-join moisture 
content being a second sorption cycle uptake and the additional moisture being absorbed into 
the relaxed matrix structure o f the FRC).
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Figure 192 Adhesive/joint shear strength as a function o f  substrate 
post-join moisture content - Redttx 312 5
50
40
20
10
%
9  Substrates o f equal pre-join moisture content 
H  'O ff  the shelf" patch &  conditioned substrate
0.0 0.5 1.0 1.5 2.0
Substrate pre-join moisture content (%w/w)
2.5
Figure 193 Adhesive/joint shear strength as a function o f  substrate 
pre-join moisture content - Redux 312/5
Substrate average moisture content (%w/w)
Figure 194 Adhesive/joint shear strength as a function o f  substrate
average moisture content - Redux 312/5
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Figure 195 Adhesive shear strain to failure as a function o f  substrate 
post-join moisture content - Redux 312 5
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Figure 196 Adhesive shear strain to failure as a function o f  substrate
pre-join moisture content - Redux 312/5
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Figure 197 Adhesive shear strain to failure as a function o f  substrate
average moisture content - Redux 312/5
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Figure 198 Adhesive shear modulus as a function o f  substrate 
post-join moisture content - Redux 312 5
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Figure 199 Adhesive shear modulus as a function o f  substrate 
pre-join moisture content - Redux 312/5
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Figure 200 Adhesive shear modulus as a function o f  substrate 
average moisture content - Redux 312/5
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Figure 201 Adhesive/joint shear strength as a function o f  substrate
post-join moisture content - Scotch-Weld AF-163
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Figure 202 Adhesive shear strength as a function o f  substrate 
pre-join moisture content - Scotch-Weld AF-163
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Figure 203 Adhesive shear strength as a function o f  substrate
average moisture content -  Scotch-Weld AF-163
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Figure 204 Adhesive shear strain to failure as a function o f  substrate 
post-join moisture content - Scotch-Weld AF-J63
1.00-
©
0.80 ©
■
0.60 4 -
>-
0.40
0.20
f
0.00
I
©  Substrates of equal pre-join moisture content 
H  'O ff  the slielf" patch & conditioned substrate
0.0 0.5 1.0 1.5 2.0
Substrate pre-join moisture content (%w/w)
2.5
Figure 205 Adhesive shear strain to failure as a function o f  substrate 
pre-join moisture content -  Scotch-Weld AF-163
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Figure 206 Adhesive shear strain to failure as a function o f  substrate
average moisture content - Scotch-Weld AF-163
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Figure 207 Adhesive shear modulus as a function o f  substrate 
post-join moisture content - Scotch-Weld AF-163
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Figure 208 Adhesive shear modulus as a function o f  substrate 
pre-join moisture content - Scotch-Weld AF-163
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Figure 209 Adhesive shear modulus as a function o f  substrate
average moisture content - Scotch-Weld AF-163
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9.5.3 D ISCUSSIO N O F J O IN T  P E R F O R M A N C E
9.5.3.1 ONE M ONTHS EXPOSURE TO POST-JOIN HUMID ENVIRONM ENTS
The adhesive shear stress at failure in joints manufactured with samples pre and post­
conditioned in the Dry environment was about 40 MPa which represents extremely good 
agreement with the adhesive shear strengths reported by the respective manufacturers. Ciba 
[301] report the shear strength o f Redux 312/5 to be in the range o f 44.9 to 41.3 MPa 
(depending on exposure time to an 82°C environment) while 3M [302] report the shear 
strength o f the Scotch-Weld AF-163 to be approximately 40 MPa (measured using metal to 
metal single overlap joint).
Figure 192 and Figure 201 then show that joints manufactured from either adhesive 
experience severe degradation in performance at the end o f one months exposure to high 
humidity environments at 85°C. The Redux 312/5 joints loose approximately 70% o f their 
Dry conditioned strength when exposed to water immersion in which conditions the substrates 
equilibrate to approximately 2.3%w/w. The Scotch-Weld AF-163 joints exhibit a similar 
reduction in performance with their strength being reduced to around 17 MPa (loss o f «60%  
Dry condition strength) after exposure to the aqueous environment. These losses are o f a far 
higher magnitude than reported by either the manufacturers or by Robson et al [273] (who 
investigated the performance o f the Redux 312/5 adhesive). Ciba [301] report that 1000 hours 
o f  immersion in distilled water at 21°C supposedly increases the strength o f a metal substrate 
single overlap joint by 2.2% and 3M [302] report that the shear strength o f AF-163 only 
reduces by 7.5% after thirty days water immersion at 50°C; again using a single overlap test 
specimen with metal substrates. Robson et al [273] reports that the modified scarf joint 
exhibits a reduction in joint strength o f approximately 2% after exposure to 84% RH and 
50°C for one month. The obvious difference between these test and the results o f  the 
investigation conducted for the purpose o f this research is the temperature o f exposure. The 
diffusion coefficient o f both adhesives has been shown by the D R A  [279] to increase by as 
much as 600% when the temperature is increased from 50°C to 85°C. This would allow the 
moisture absorbed through the edges o f the adhesive exposed to the moist atmosphere to 
diffuse both further in and in greater quantities. This explanation is supported by the results 
o f  Springer and Wang [275] who, when investigating the strength o f adhesively bonded joints
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exposed to moist environments, reported that no loss in strength was seen to occur for the 
samples conditioned at 23°C but up to 50% o f  the joint strength was lost i f  the exposure 
temperature was raised to 93 °C.
Other major factors affecting the moisture durability o f the simple scarf joint are the substrate 
material and the geometry. Moisture is absorbed into the adhesive from the FRC substrates 
(as well as directly into the adhesive at the joint edges) increasing the adhesive uptake over 
those tests conducted with non-porous metal substrates. The experiments o f [273] while 
having FRC substrates have a joint geometry which has a very long effective bondline and 
thus the moisture absorbed takes an even longer time to affect the internal regions o f the scarf 
joint. Enhanced sorption along the adhesive/substrate interface may also be an important 
factor to the reduction in joint strength as a result o f it increasing the moisture uptake o f the 
adhesive and hence the plasticity and the magnitude o f internal osmotic stresses [270] or 
because o f its detrimental effect on the interface [269, 271].
An assessment o f the extent to which the joint performance depends upon the interface may 
be made in two ways. One way is through observation o f the failure mode o f the joints and 
examination o f the failure surfaces, another is by examination o f the adhesive properties o f 
strain to failure and shear modulus. The former is discussed in detail in section 9.5.5 while 
here we consider first the strain to failure. In both the Redux 312/5 joints (Figure 195) and 
the Scotch-Weld AF-163 joints (Figure 204) the shear strain to failure shows a slight increase 
with moderate levels o f post cure moisture exposure. This may be thought o f as a result o f 
the plasticity induced in the adhesive by the moisture absorbed through the environmentally 
exposed adhesive surfaces increasing the toughness (especially important around the knife 
edges o f the scarf joint where the peel stresses are at a maximum) o f the joint or decreasing 
the stress concentration [273], As the exposure level increases further, both joints exhibit a 
loss in strain to failure o f around 50% o f the dry condition values. Figure 198 and 
Figure 207 show that within the expected scatter o f the data (from the considerations o f 
section 9.5.1) the shear modulus o f the adhesive decreases marginally. With the modulus 
representing the increasing plasticity o f the adhesive, it would be expected that i f  the interface 
integrity remained constant at diy condition levels, the strain to failure would continue to rise 
as the effective shear modulus decreased. As Figure 195 and Figure 204 show, this does not 
occur and suggests that the interface is being degraded. Section 9.5.5 confirms that increasing
The effect o f  moisture on the joining or repair o f  F R C  substrates by adhesive bonding 289
amounts o f interfacial failure is observed in the samples exposed to the higher moisture 
conditions.
The accuracy o f  the adhesive shear strain to failure and shear modulus results is supported 
by data o f the manufacturers and from Robson [309]. Robson reports a shear modulus o f 180 
MPa for the 312/5 adhesive with a Laboratory condition moisture content o f  1.16%w/w and 
a moisture soaked modulus o f 50 MPa (2.2%w/w). She goes on to compare this to data from 
an Engineering Science Data Unit report (ESDU Item 81022) for the dry properties o f  the 
adhesive with the latter predicting a much higher modulus (750 MPa) and a shear strain to 
failure o f  0.7. Comparing the ESDU data to the dry condition data o f Figure 195 to 
Figure 200, which predict a shear modulus o f approximately 300 MPa and a strain to failure 
in the order o f 0.3-0.5, it appears that the FE estimation o f G under-predicts the shear 
modulus but that the strain to failure is approximately correct. The under-prediction o f  the 
shear modulus is supported by the Scotch-Weld AF-163 data with 3M quoting a Laboratory 
condition value o f 414 MPa (60 ksi) while the data o f Figure 207 predicts a dry condition 
value o f around 200 MPa (although there is some scatter o f data in the figure). The ESDU 
data is thought to be reasonably accurate as it predicts a shear strength o f 42 MPa for the 
Redux 312/5 although, without access to the document quoted by Robson it is impossible to 
assess whether the differences in recorded shear strain and modulus properties are due to 
testing techniques or physical changes in the material.
In the literature review o f Chapter 4, two performance degrading mechanisms were proposed 
to act upon adhesively bonded joints exposed to post-join moist environments; plasticisation 
o f the adhesive and degradation o f the adhesive-substrate interface. It would seem from the 
results discussed above that these two mechanisms both exist in the T800/924 FRC joints 
investigated for this research. The plasticisation mechanism appears to be more significant 
at lower post-join environmental exposure levels while the interface degradation mechanism 
becomes more dominant at the higher moisture levels. These results are o f course directly 
related to the time o f exposure to the moist environment and it would be expected that the 
degradation mechanism would become increasingly dominant with extended exposure.
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9.5.3.2 THE EFFECT OF PRE-JOIN M OISTURE
Figure 193 and Figure 202 show the effect o f  an equilibrium pre-join moisture content on the 
strength o f joints manufactured using Redux 312/5 and Scotch-Weld AF-163 adhesives 
respectively. Unlike in the previous section where the results o f the two adhesives were 
comparable, these figures show the two adhesives performing quite differently. The Redux 
312/5 adhesive joints were found to exhibit a significant loss o f strength when the adhesive 
was used to join substrates with high pre-join moisture contents. Up to 75% o f the Dry 
conditioned strength is lost by pre-conditioning in distilled water as the strength is reduced 
to approximately 10 MPa. The loss in strength does not seem to manifest itself until the 
equilibrium level o f the substrates reaches a level o f around 1.2%w/w. This result matches 
that o f Robson et al [63] who report less than 20% reduction in joint strength up to such pre­
bond moisture levels. The concern with the data o f [63] is that the substrates were not fully 
equilibrated and this will have an effect on the quantity o f moisture desorbed to the adhesive 
during cure. A  more thorough explanation o f  these concerns is given in section 9.6. The 
Scotch-Weld AF-163 data shows an initial drop in joint strength which levels o ff  at around 
the 1.2-1.5%w/w mark to show a consistent loss o f only 10-15% o f  the Dry joint strength 
even with substrates pre-conditioned by water immersion. Although no manufacturers 
information exists for comparison with these two sets o f data, 3M claim that the Scotch-Weld 
AF-163 is designed to perform well in high humidity environments and this would suggest 
that it should have a greater resistance to the moisture present in the substrate than the Redux 
312/5. The other significant difference between the two adhesives that undoubtedly 
contributes to their resistance to degradation by pre-join substrate moisture is their respective 
moisture diffusion coefficients. The D R A  [279] report that the diffusion coefficient o f  Redux 
312/5 is approximately twice that o f  Scotch-Weld AF-163 so that any moisture desorbed by 
the substrate to the interface during joint cure w ill be able to travel further through the Redux 
312/5 in a given time. This given time is proposed here to be realistically represented by the 
gel time o f the adhesive. Ciba [301] report that the gel time o f the Redux 312/5 adhesive is 
30 minutes while 3M report that the gel time for Scotch-Weld AF-163 is only 20.5 minutes 
for a 120°C cure. This helps understand further the shear strength results o f Figure 193 and 
Figure 202 as not only does any moisture lost to the adhesive from the substrate diffuse at 
a slower rate in the Scotch-Weld AF-163 than in the Redux 312/5 but it also has a reduced 
time in which it may cause a degradation in the performance o f the adhesive.
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In Chapter 4 three possible mechanisms o f substrate pre-join moisture induced degradation 
o f adhesive bonds were discussed: void formation, plasticisation and degradation o f the
adhesive/substrate interface by interference o f the substrate-adhesive interactions set-up at 
cure. The former o f these effects is discussed in greater detail within section 9.5.4, while the 
latter two are discussed here. It seems logical that these two mechanisms are not related to 
the equilibrium level o f moisture within the substrate prior to bonding so much as to the 
amount o f moisture the substrate is capable o f supplying to the adhesive during cure. Both 
Parker [62] and Robson et al [63] have attempted to correlate joint strength to the surface 
moisture content o f the substrates with limited success. Even this correlation is not truly 
accurate as the amount o f moisture desorbed from the substrates under cure conditions is not 
always implicitly linked with the surface moisture content. Section 9.6 provides a more 
thorough analysis and shows that it is quite probable that the joint strength is related to the 
amount o f moisture lost to the adhesive during cure from the substrates. It must be 
recognised however, that the experiments used to investigate the effect o f the substrate 
moisture present prior to bonding are artificial in that the joints post-join environment is ideal 
and has little effect on the performance o f the joint. In real-life applications the joint strength 
w ill be affected by both the substrate pre-join moisture content and the post-join environment.
Accepting that the pre-join substrate moisture w ill affect joint performance, the effect that this 
moisture has may be indicated from the shear strain to failure results o f Figure 196 and 
Figure 208 as well as the shear modulus data o f Figure 199 and Figure 205. With the Scotch- 
W eld AF-163 adhesive joints performing so well under all substrate conditions the results o f 
the Redux 312/5 bonded joints are concentrated upon as they better highlight the response o f 
the joints to the possible degradation mechanisms. As the substrate moisture content in these 
joint substrates increases, there is a reduction in both strain to failure and adhesive shear 
modulus. In a corollary to the discussion o f  the previous section, these are mutually exclusive 
results i f  the only degradation mechanism present is plasticisation o f the adhesive due to the 
substrate desorbed moisture interfering with the cure reaction o f the adhesive. As the shear 
modulus reduction is minimal («20%  with significant scatter in the data) it can be thought 
that the plasticisation is also minimal and that the joints when tested, may be thought to have 
similar scarf tip stress concentrations, unrelieved by adhesive plasticisation. Thus, a 
significant reduction in strain to failure is observed (from 0.40 dry to 0.10 wet) as the effect 
o f  the desorbed moisture on the interface integrity becomes the main influence on the strength
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and strain to failure. Section 9.5.5 presents the results o f the examinations o f the joint failure 
surfaces and shows that the higher the pre-join moisture content o f  the substrate the more the 
failure surfaces were characterised by interfacial failure. The same section also shows that 
while the results suggest that the adhesive shear modulus is decreased only slightly by the 
moisture desorbed from the substrates in these joints, the adhesive quality is affected 
significantly. The higher the substrate pre-join moisture content the more 'crumbly’ the 
adhesive appeared on the failure surface. Surprisingly this was found for both adhesives even 
though the Scotch-Weld AF-163 did not show significant changes in failure properties.
The prediction o f the adhesive shear modulus from these tests again shows extensive spread. 
Robson [309] also found it difficult to measure the stiffness o f her samples accurately, the 
reason for such difficultly now being obvious from the results o f section 9.5.1 as the 
technique in [309] for measuring stiffness was similar to that o f this research. O f the two 
possible joint degradation mechanisms discussed in this section it appears that the effect o f 
the desorbed moisture on the interface integrity may be more critical than the effect the 
moisture has on the cure o f the adhesive.
Prior to joining, the adhesive was thoroughly dried to an effective 0%w/w moisture content 
in a desiccator. The manufacturers claim that both adhesives have an acceptable shelf life 
o f  up to one month when stored in a workshop environment. In this environment, the 
adhesives would have a far higher moisture content prior to joining than when used from the 
desiccated storage condition used for this research. As the performance o f the adhesive is 
negligibly affected by the workshop moisture levels it seems likely that moisture absorbed 
into the adhesive from the substrates prior to cure would have a similar negligible effect upon 
adhesive performance (at least up to an equivalent moisture level). This also suggests that 
simply having moisture present in an adhesive joint is insufficient to degrade interface 
properties and that the loss o f interface performance may be related to the transport o f 
moisture from the substrate to the adhesive through the interface.
9.5.3.3 THE COMBINED EFFECT OF PRE & POST JOIN MOISTURE CONDITIONING
The environmental conditioning o f the preceding two sections does not accurately represent 
an in-service environment. The first took samples from a completely dry environment and
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then exposed them to a series o f more realistic (in terms o f humidity) moist environments, 
while the second took samples from the moist environments and after joining/repair returned 
them to an ideal (for joint performance) dry environment. These two tests have been used 
to isolate possible mechanisms caused by the two different sources o f moisture. The results 
o f  samples exposed to both pre and post-join environments assesses the combined effect o f 
these mechanisms. This is thought to be more representative o f a component removed for 
repair from a moist environment in which it has equilibrated to a given moisture content and 
to which, after repair, it will be expected to return for operation.
Figure 194 and Figure 203 show that both adhesives exhibit slightly reduced strength 
performance from the equivalent data for samples exposed post-join to moist environments. 
This is not surprising for the Scotch-Weld AF-163 joints as the effect o f pre-join substrate 
moisture content was minimal, but for the Redux 312/5 this result is significant in that it 
suggests that the effects o f  the two different moisture sources are not cumulative. Again, care 
must be taken with these results as any variation in post-join exposure time will have an 
effect on the joint performance and further work is required to establish i f  this observation 
o f noil-cumulative damage holds for all conditions. The shear strain to failure o f combined 
exposure Scotch-Weld AF-163 adhesive joints (Figure 206) is almost identical to that o f the 
post-join exposure data (Figure 204) suggesting that the moisture desorbed from the substrates 
has a negligible effect upon the interface in those joints (hence limited loss o f joint strength 
with increasing substrate pre-join moisture content). The Redux 312/5 results show the 
possibility o f a more complex combination o f mechanisms. The increasing plasticisation o f 
the adhesive around the high stress concentration at the tip o f the scarf due to the absorbed 
atmospheric moisture allows the strain to failure o f the combined exposure samples 
(Figure 197) to correlate to that o f the post-join exposure data (Figure 195). Additional 
plasticisation caused by interference to the adhesive cure reactions by the substrate desorbed 
moisture allows this strain to failure to stay at a higher level than reported for the post-join 
exposure until one or the other o f the interfacial degradation mechanisms reduces the load 
carrying capacity o f the interface to such a level that a rapid loss o f strain to failure results. 
These discussions o f  the inter-relationship between the pre and post join mechanisms are as 
yet hypothetical and require further investigation; however, the results o f the examination o f 
the joint failure surfaces goes some way to supporting these ideas.
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9.53.4 REPAIR  OF A  M OISTURE CONDITIONED SUBSTRATE USING A N  "OFF THE 
SHELF" PATCH
So far the joints investigated have used equally conditioned substrates. This is unlikely to 
be the case when repairing an aircraft component, especially at depot level. Chapter 1 has 
already mentioned that repair conducted using pre-cured patches generally result in better 
performances and so it is likely that given the opportunity, a pre-cured or "O ff the sh e lf 
patch would be used to repair a damaged substrate. This is more likely with lap joint repairs 
than scarfed repairs due to the difficulty in matching surface profiles in the latter especially 
for in-situ applications. The pre-cured patch would have a moisture content equivalent to the 
equilibrium level o f the workshop environment (in this research assumed to be Laboratory 
conditions) while the actual component could be at a much higher level (eg. an aircraft 
exposed to a maritime environment). The results o f these joints are included in the figures 
showing the effect o f pre-join substrate moisture content on joint performance using the 
moisture content o f the conditioned substrate as the horizontal axis ordinate. The same joint 
degradation mechanisms discussed in section 9.5.3.2 are present in these joints and with 
hindsight it is unsurprising that the "O ff the shelf' repairs perform in much the same manner 
to the equally moisture conditioned samples. Generally the "O ff the sh e lf repairs perform 
slightly better which may be thought to be related to the reduced moisture supplied from the 
substrates to the adhesive during cure. As the mechanism o f failure is proposed to be 
interfacial degradation caused by the desorption o f moisture from the substrates, the similarity 
between strength and strain to failure data is to be expected as at least one adhesive-substrate 
interface w ill be exposed to similar amounts o f moisture in the "O ff the sh e lf repair 
configuration as seen in a joint with equally conditioned substrates.
9.5.4 A D H E S IV E  V O ID  V O L U M E  F R A C T IO N
The data o f Figure 210 and Figure 211 show that the porosity o f both adhesives is affected 
by the presence o f substrate moisture with increasing moisture levels resulting in higher void 
volume fractions (V v) within the adhesive. There appears to be a level up to which the 
substrate moisture has little effect (1.5%w/w) while above this value there is a significant rise 
in porosity. Surprisingly, both adhesives exhibit similar behaviour although the Scotch-Weld 
AF-163 data above the critical level tends to be slightly below than that o f the Redux 312/5.
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When planning the experimentation for this research it was hoped that some pattern/trends 
to the size and distribution o f the formed voids would be observed. This has not been 
possible; the voids show no clear trend in distribution although there is a tendency for the 
average void size to increase with increasing substrate moisture content.
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Interestingly, [63] reported that the Redux 312/5 adhesive often showed large voids o f the 
same diameter as the adhesive carrier yarn («50  jmn) when using substrates moisture 
conditioned to >1.6%w/w. This result for Redux 312/5 has been confirmed by this 
investigation however the Scotch-Weld AF-163 joints do not exhibit such a trend. The 
difference in the performance o f the joints manufactured from these adhesives suggests that 
investigations should be conducted to determine both the effect o f void size upon the strength 
o f an adhesive joint and on the effect o f the carrier cloth upon the distribution o f the formed 
voids. A t the substrate moisture levels above 1.5%w/w the larger voids in the Redux 312/5 
tended to exist as full (adhesive) thickness debonds. The effect o f such debonding is difficult
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to assess with the current data although it can be argued that the debonding represents a loss 
o f  effective adhesive surface area and thus the reported shear strength o f the highly voided 
joints is lower, not because o f a reduced interface or adhesive performance, but simply due 
to a reduced contact area. This is supported by the Scotch-Weld AF-163 joints which exhibit 
minimal through thickness porosity even in the joints exhibiting higher void volume fractions. 
As these joints tend to level o ff  to a consistent shear strength above substrate moisture 
contents o f 1.5%, this may suggest that the toughness o f the Scotch-Weld AF-163 adhesive 
is capable o f partially accounting for the presence o f the internal voids but the presence o f 
through thickness voids in the Redux 312/5 are unable to be compensated for and there is a 
consequent decrease in joint shear strength.
The V v results o f the "O ff the sh e lf repairs are also shown in Figure 210 and Figure 211 and 
in all but one case (Scotch-Weld AF-163 «2%w/w substrate moisture content) show 
themselves to be much lower than the equivalent equally moisture conditioned joint. 
However, the through thickness voiding again is more prevalent in the Redux 312/5 samples 
at moisture levels above 1.5%, although at a lower level than in the equally conditioned 
substrate joints.
9.5.5 F A IL U R E  M ODES
The failure surfaces o f the scarf joints were inspected using a Zeiss Axiophot 
photomicroscope. No quantitative assessment o f  the failure surfaces has been made although 
Table X X I attempts to provide some indication o f  the relative changes in the failure surfaces 
o f the joints.
This table assesses three aspects o f the failure surface:
(a) the condition o f the adhesive (G  - good, F - fair and P - poor),
(b) the quantity o f  through thickness void debonds (N  - none, O - occasional and S -
significant amounts) and
(c ) the mode o f joint failure using the numerical code o f Figure 212.
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Figure 212 Failure modes o f  the scarf joints
Table X X I Scarf jo in t failure surface analysis
Environm enta l
cond ition ing
Redux 312/5 Scotch -W eld  AF-163
Substrate
conditions
Pre-jo in Post-jo in
Adhesive
condition
Th rou gh - 
thickness 
vo id  debonds
Failure inode
Adhesive
condition
Through- 
thickness 
vo id  debonds
Failure
mode
Equally
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The joints that exhibited type 4 failure modes were typically those involving one highly 
moisture conditioned substrate and one Laboratory conditioned substrate in the investigations 
using an "O ff the sh e lf repair patch. The nose o f adhesive remaining on the scarf tip (as 
shown on the left hand substrate o f the type 4 failure mode in Figure 212) was always found 
on the Laboratory conditioned substrate. When testing, a single audible cracking sound was 
often heard as the effective butt-joint at the scarf tip cracked. This did not represent any 
noticeable change in the load-extension curve however, in hindsight it would have been 
interesting to record both those samples that emitted the cracking sound and those that 
exhibited initial butt joint cracking prior to complete failure o f the joint.
The initially dry joints when exposed to increasingly humid environments begin to exhibit 
increasing amounts o f interfacial failure at the tip o f the scarf where it would be expected that 
both the stress concentration and the environmental moisture interface degradation is the 
greatest. This is consistently observed in the specimens exposed to the combined 
environmental exposures as well. A  noticeable difference from the hypotheses o f  section
9.5.3.2 is observed in both adhesives for the higher moisture pre-conditioned substrates. 
Section 9.5.3.2 had predicted that the moisture desorbed from the substrates during cure 
would have minimal effect on the cure o f the adhesive however, the quality o f  the adhesive 
was found to be affected significantly by the moisture desorbed from the substrates and 
appeared more 'crumbly' the higher pre-join moisture content o f the substrate. Interestingly, 
in the Scotch-Weld AF-163 adhesive, this degradation did not cause significant loss o f joint 
strength. The adhesive degradation may be the cause for the increased scatter o f shear strain 
to failure and shear modulus data obtained for the samples with increasing levels o f pre-join 
moisture absorbed into their substrates. Since the combined exposure samples do not exhibit 
the same amount o f scatter and the strength performance o f at least the Scotch-Weld AF-163 
is only affected slightly in these conditions, it seems that the deterioration in the adhesive 
bulk appearance is not the strength limiting factor. This is supported by observing that as the 
level o f  pre-bond moisture in the substrates increases so does the amount o f interfacial failure 
leading to the samples immersed in water prior to bonding exhibiting almost total interfacial 
failure.
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The two dimensional optical investigations o f the adhesive void volume fraction from the 
cross section photomicrographs were supported by the failure surface investigations as the 
quantity o f through thickness void debonds was found to increase with pre-bond substrate 
moisture content. The Redux 312/5 debonds were regularly arranged within the confines o f 
the knitted carrier cloth and the larger voids were often the same size as the yam spacing. 
The Scotch-Weld AF-163 through thickness voids were generally much smaller than those 
o f the Redux 312/5.
The degradation o f the adhesive caused by the pre-join moisture content produced another 
interesting behaviour in the pre-cured patch investigation. A  significant portion o f the 
adhesive was found to remain bonded to the Laboratory conditioned scarf tip. This suggests 
that in these conditions the degradation o f the Laboratory condition substrate/adhesive 
interface was less severe than the loss in mechanical performance o f the adhesive. Because 
o f the complexity o f the loading in this region a detailed investigation o f this observation was 
not conducted. Pre-drying was seen to return the failure mode and appearance o f the adhesive 
to those o f the joints constructed and tested in low humidity environments.
9.6 DISCUSSION AND MODELLING OF THE EFFECT OF NON-UNIFORM
PRE-BOND MOISTURE IN SUBSTRATES
9.6.1 THE EFFECT OF PRE-DRYING ON JOINT STRENGTH
The principal aim o f this research has been to establish some protocol for the drying o f FRC 
substrates prior to repair by adhesive bonding. Before considering the effect o f pre-drying, 
it is important to review the existing philosophy on the effect o f substrate pre-join moisture 
content and the existing processes considered to alleviate the detrimental effects o f this source 
o f moisture. The RAF and the R AA F  both suggest extensive substrate drying (at least 24 
hours) to remove a significant proportion o f the substrate moisture prior to repair. This and 
the suggestion by several other researchers solves the problem o f the pre-join moisture content 
by removing it. However, in joints using T800/924 bonded by either o f  the two adhesives 
considered in this investigation, removal seems unwarranted as the joints were capable o f 
maintaining effectively Dry condition strength up to substrate equilibrium moisture levels o f
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around 1.2%w/w which is higher than any reported or experimentally determined (see Chapter 
6) in-service moisture content o f a FRC. Obviously then drying for twenty four hours or until 
the moisture content reaches some acceptable level is excessive and in an economically driven 
industry, wasteful.
Parker [62] and Robson et al [63] go further to suggest that the effect o f the pre-bond 
moisture is determined not by the overall moisture content o f the substrates as so much by 
the surface moisture content. Robson et. al [63] proceed to investigate this proposal 
analytically. There exist some significant inconsistencies with the results o f [63] which 
require redressing before further investigation. Critically, [63] models the diffusion o f 
moisture in the scarf with a series o f  one dimensional (through thickness) ’diffusion sections’. 
There is nothing wrong with this approach and it will be confirm in section 9.6.2 that it is 
both simple and reasonably accurate, provided acceptable boundary conditions for the Fickian 
equations are applied. The boundary conditions chosen by [63] were unrealistic as they 
assumed that the moisture flux through the surface o f the sample was zero once the samples 
were removed from the conditioning environment and stored in sealed bags. This resulted 
in the model used by [63] calculating sample moisture distributions with non-constant surface 
moisture concentrations. This is quite clearly in opposition to the Fickian diffusion mechanics 
used to model the transport o f  moisture within the samples and suggests that the conclusions 
drawn by [63] from their theoretical investigation may not be totally correct. The appropriate 
situation to model would have been one in which the moisture within the sample would flow  
either out to or in from the bagged environment to reach a condition where the entire surface 
is at the same moisture concentration level as dictated by the sorption isotherm o f the FRC 
substrates and the equilibrium moisture activity within the sealed bag.
With some doubt cast on the theoretical analysis o f [63], further evidence to invalidate the 
idea o f a relationship between surface moisture content and joint performance may be 
obtained by considering joints pre-dried for varying periods o f time prior to bonding. This 
pre-drying w ill reduce the surface moisture content to zero so that even i f  the moisture 
absorbed into the surface layer while the substrates are prepared is considered, the joint 
performance o f these samples should be the same i f  in fact the surface moisture content is the 
critical parameter. Figure 213 and Figure 214 show that this is not the case and that the joint 
strength varies with the amount o f pre-drying applied to the substrates. Equally obvious from
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these figures is the fact that the joint strength is not related to the pre-join moisture content 
o f  the pre-dried joints. The pre-dried substrates were initially conditioned in an Atmospheric- 
96 environment at 85°C and dried prior to bonding in an Dry environment again at 85°C for 
the times indicated in the two figures. In both the Redux 312/5 and the Scotch-Weld AF-163 
bonded joints the Dry substrate joint conditions are shown to be regained by drying the 
substrates for as little as one hour.
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Figure 213 Shear strength o f  joints using substrates with both uniform (un-dried) and non- 
uniform (dried) moisture distributions (Redux 312/5)
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Figure 214 Shear strength o f  joints using substrates with both uniform (un-dried) and non- 
uniform (dried) moisture distributions (Scotch-Weld AF-163)
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9.6.2 M O D E L L IN G  M O IS TU R E  L O S T  TO  TH E  AD H E S IV E
The proposal has been made that the performance o f the scarf joints is affected by the amount 
o f water absorbed by the adhesive up to its gel point when curing. With a 120°C cure oven 
and dry substrates this moisture absorbed would be effectively zero (the high temperature 
oven creating a very low  activity environment). As the moisture content o f the substrate 
increases, more moisture w ill be available from the substrate for absorption by the adhesive. 
This process, while simplified by the knowledge gained from Chapter 6 that the moisture in 
the substrate will diffuse essentially in accordance with Fickian predictions is extremely 
complex with many variables affecting the actual amount o f water absorbed by the adhesive, 
including:
(a) the variation o f adhesive sorption characteristics (most critically diffusion coefficient 
and sorption isotherm) as it melts and then begins to form cross-links while curing,
(b ) the non-uniform thickness o f the scarf and the effect that this has upon the moisture 
distribution and the consequential variation in moisture lost to the adhesive and
(c ) the transport o f moisture through an interface from one material to another with 
differing sorption characteristics.
The problem outlined in (c ) has been addressed in extremely simple multi-material specimens 
by considering the variation o f local to equilibrium moisture concentration (c/ce) as opposed 
to actual moisture concentrations and by varying the effective thicknesses o f the differing 
materials to account for the different diffusion coefficients [310, 311]. These investigations 
were conducted for the transport o f  moisture through hybrid composites. After a thorough 
literature review it appears that the concept o f  assessing the effectiveness o f  an adhesive joint 
by the quantity o f moisture absorbed from the substrate has not previously been considered. 
Consequently attempts were made to overcome the concerns raised previously to estimate an 
effective quantity o f moisture absorbed by the adhesive under cure conditions. Insufficient 
knowledge o f the sorption characteristics o f  the adhesive when curing and the complexity o f 
the scarf joint have so far prevented such a technique to be developed. What can be 
considered is an extremely simplified model o f  the above process with the following 
assumptions made:
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(a) the adhesive starts from an equilibrated moisture distribution o f 0%,
(b) the adhesive is capable o f absorbing all o f the moisture supplied by the substrates 
at the substrate-adhesive interface and at a rate sufficient to allow the desorption o f 
moisture from the substrates to be considered well modelled by desorption to a 
0%RH environment and
(c ) that the amount o f moisture desorbed by the substrates may be considered to be 
equal to the sum o f one dimensional through thickness and lengthwise diffusion 
sections.
The first assumption is reasonably valid as the adhesives were stored in a 0% RH desiccator 
for approximately one week prior to bonding and in this time they were found to equilibrate 
to an apparent 0% moisture content. It is the second assumption that is significant, for while 
it does allow calculation o f a moisture content absorbed by the adhesive it has obvious 
shortfalls that should eventually be eliminated. While it is not unreasonable to assume that 
the adhesive is capable o f absorbing all o f the moisture desorbed by the substrate in a time 
up to its gel point (a fact that will be supported later) ignoring the effect o f the moisture 
distribution within the adhesive will, for higher moisture levels lead to an over prediction o f 
the moisture absorbed by the adhesive. This is explained by acknowledging that when the 
adhesive approaches its own equilibrium level (whatever that may be in a curing adhesive) 
the effective concentration gradient o f local to equilibrium moisture content will reduce the 
amount o f moisture flux through the adhesive/substrate interface and consequently the 
quantity o f moisture absorbed by the adhesive. This effect must be bom in mind when 
considering the results o f  the following analysis which utilises a corollary o f assumption (b) 
that the total amount o f moisture desorbed from the substrate up to the gel point o f  the 
adhesive is absorbed by the adhesive and w ill have an effect on the joint performance.
The third assumption has already been used by several researchers to account for sorption 
performance o f FRCs and polymers to determine edge diffusion correction factors [89] and 
moisture distributions [273, 309] with some success. The accuracy o f assuming that the 
moisture desorbed by the substrates may be considered as the sum o f separate y and z axes 
one dimensional flow  (as shown in Figure 215) may be considered by examining the rate o f 
moisture loss in the substrates used for the pre-drying investigation.
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Figure 215 Combined one dimensional analysis o f  the moisture desorbed 
by the FRC substrates to the adhesive during cure
The moisture lost in those samples may be represented by the one dimensional summation 
using the notation o f Figure 215 as:
g h
Am (t) = E 6 m z( Dz , , V t )  + £ ( & m ( D u ,Vz, t ) + 6*1,(022,? (165)
0 o '
where Am represents the total moisture loss o f the sample, g the width o f the substrate, h the 
thickness o f  the substrate and §m (D,V,t) the axial moisture losses in the small one 
dimensional 'diffusion section' shaded in Figure 215. The axial moisture losses are related 
to the diffusion coefficients along these axes (D ), the dimensions o f the diffusion section (V ) 
and the time o f drying (t).
Figure 216 shows that equation (165) is quite accurate compared to both a two dimensional 
linear exact solution obtained from FE analysis and the reported experimental moisture losses. 
By comparison with the predicted moisture loss from a three dimensional un-scarfed specimen 
the same figure also shows that the scarf has a significant effect on the amount o f moisture 
lost because o f its varying thickness.
Figure 215 shows the actual moisture desorbed to the adhesive from a single substrate is a
sum o f half the moisture lost along the y axis and half the moisture lost along the z axis in
the region o f the scarf.
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v'Drying time ('/hr)
Figure 216 Recorded and estimated moisture loss to
equilibrium moisture content ratio fo r  pre-dried substrate specimens
With the accuracy o f the assumptions considered, the moisture loss from a substrate was then 
determined for the exposure profile shown in Figure 217. The profile includes a variable 
drying time (at 85°C/0%RH) and a surface preparation period o f 20 minutes (at 
25°C/50%RH) prior to the jigged joint being placed into the cure oven (pre-heated to 60°C) 
in which it is heated to 120°C (at 3°C/minute). The profile then holds the joint at this 
temperature for the gel time o f the respective adhesive (30 minutes for Redux 312/5 - 20.5 
minutes for Scotch-Weld AF-163).
Figure 217 Environmental exposure profile fo r  theoretical estimation o f  
substrate moisture loss to the adhesive (30 min gel time - Redux 312 5)
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The model allows the moisture desorbed to the adhesive to be calculated for the three 
differing substrate combinations used in this research:
(a) identically equilibrated substrates,
(b ) equilibrated substrates at different moisture contents and
(c ) partially dried substrates with non-uniform moisture distributions.
The results for the 30 minute gel time (Redux 312/5) profile are used for the general 
discussion o f the results o f  this modelling. O f first interest is the variation o f moisture 
desorbed to the adhesive with increasing equilibrated substrate moisture content and no pre­
drying. Figure 218 shows this variation with a red line plotting the initial substrate moisture 
content against the moisture desorbed to the adhesive. This is contrary to accepted practice 
by plotting cause against effect instead o f vice versa, but is a limitation o f the graphics 
software used and was necessary to allow a comparison to be made between the moisture 
desorbed from the equilibrium moisture conditioned substrates and substrates having been pre­
dried for increasing periods o f time.
Using the knowledge gained from the results o f Figure 193 that the Redux 312/5 joint 
strengths are maintained up to a moisture content o f at least 1% , Figure 218 shows that for 
a substrate initially conditioned to 2.0%w/w a drying time o f less than 1 hour is required to 
reduce the moisture desorbed to the adhesive to a similar level and thus, using the proposal 
that it is this parameter which affects joint strength, allow the joint to perform to a similar 
level as the 1.0%w/w equilibrated substrate joint. This result is confirmed by Figure 213 and 
adds significant support to the theory proposed in this research. The results o f Figure 218 
highlight the ineffectiveness o f drying samples for any longer than 4 hours. Additional drying 
acts only to reduce the moisture distribution in the sample to a level where the absorbtion o f 
moisture from the surface preparation environment is facilitated. This moisture absorbed is 
located in the worst possible region, immediately at the surface o f the sample, and is thus 
readily desorbed to the adhesive during cure. This suggests that there is an optimal drying 
time for all FRC substrates about to undergo adhesive bonding and that longer drying times 
are not necessarily better. This is especially so in very thick substrates or in areas where the 
exposure to the surface preparation environment is for a long time or in hot wet conditions 
(i.e. for repair o f a wing component on a tarmac in a tropical region).
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Figure 218 Comparison between moisture desorbed to the adhesive from equilibrium conditioned 
samples w ith no pre-drying and those with varying pre-drying time
9.6.3 JOINT PER FO R M AN CE  AS A FUNCTIO N  OF M OISTURE DESORBED  
TO THE ADHESIVE
Now that an assessment o f the moisture desorbed to the adhesive in the joints (per unit width 
o f joint) is available the variation in joint strength may be examined in terms o f this 
parameter. Figure 219 and Figure 220 suggest that the joint strength decreases proportional 
to the quantity o f desorbed substrate moisture (i.e. within the assumptions o f this model the 
moisture absorbed by the adhesive) until a levelling off; in the case o f the Redux 312/5 
adhesive at around 10 MPa and for the Scotch-Weld AF-163 at around 35 MPa. This is 
where the concerns regarding the second assumption made to develop this model must be 
considered. In the higher moisture content substrates it is unlikely that all the moisture these 
substrates are able to desorb is absorbed by the adhesive at the same rate that a 0%RH 
environment could absorb it. It would be expected that the higher moisture content results 
(i.e. the higher quantities o f moisture desorbed) over estimate the moisture absorbed by the
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adhesive and that a direct relationship exists between the moisture absorbed by the adhesive 
from the substrates and the shear strength o f the joints based on the lower moisture desorption 
data. Figure 219 and Figure 220 show excellent correlation between samples with moisture 
equilibrated substrates (for both equal value substrates and "O ff the sh e lf repair) and 
substrates pre-dried from equilibrium levels around 2.1%w/w.
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Figure 219 Joint shear strength as a function o f  moisture desorbed from the substrates to the 
adhesive - Redux 312/5 (per unit width - mg/mm)
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Figure 220 Joint shear strength as a function o f  moisture desorbed from the substrates to the 
adhesive - Scotch-Weld AF-163 (per unit width - mg mm)
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Examination o f the quantities o f  moisture desorbed show that a loss o f 0.12 mg/mm o f 
moisture per joint substrate width corresponds to an absorbed moisture content for the 
adhesive o f around 2.2% which is slightly above the recorded moisture content for the cured 
adhesive in hot/wet conditions [279]. This is thought then to be a realistic expectation for 
the amount o f moisture the adhesive is able to absorb considering that in the curing condition 
the adhesive is well above its glass transition temperature and that the molecular freedom in 
this condition would allowed increased penetrant uptake.
9.6.4 AD H E S IV E  B O N D LIN E  V O ID  V O L U M E  F R A C T IO N  AS  A  F U N C T IO N  OF 
M O IS TU R E  DESORBED T O  TH E  AD H E S IV E
Moisture to adhesive (mg/mm) Moisture to adhesive (mg/mm)
Figure 221 Redux 312/5 bondline Vv as a Figure 222 Scotch-Weld AF-163 bondline Vy 
function o f  moisture desorbed from the as a function o f  moisture desorbed from the
substrates (mg/mm) substrates (mg/mm)
A  similar result to that observed for the joint strength is found when the variation in bondline 
void volume fraction is plotted against the predicted moisture desorbed from the substrates. 
The void volume fraction o f both adhesives becomes directly related to the moisture absorbed
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(ignoring a few outlying points). The relationship between void volume fraction and absorbed 
moisture is remarkably similar between the two adhesives bearing in mind the difference in 
expected sorption characteristics and gel time.
9.7 C O N C LU S IO N S
The results o f this research indicate that moisture has a significant effect on the integrity o f 
adhesively bonded FRC joint regardless o f  whether the moisture exposure is before or after 
joining. Moisture exposure post-join at elevated temperatures and high humidities (or water 
immersion) appears to be the most detrimental, affecting joints manufactured from both 
adhesives causing reductions in joint shear strength from 40 MPa to 10-15 MPa («75%  loss) 
after only one month. Moderate levels o f moisture exposure for the same period o f time 
result in far less strength loss («20% ) and a slight improvement in the adhesive shear strain 
to failure. The improvement was thought to be a result o f plasticisation o f the adhesive at 
the scarf tip by moisture absorbed from the atmosphere. Moisture absorbed along the 
substrate/adhesive interface was used to explain the increase in interfacial failure found to 
occur in the samples exposed to the higher environmental humidities. Failure surface analysis 
and joint performance suggested that interfacial degradation was the principal performance 
degrading mechanism for samples in these conditions.
Increasing levels o f pre-join substrate moisture were also found to have a significant effect 
on the performance o f Redux 312/5 bonded joints. The joint strength was again found to be 
reduced from 40 MPa to around 10 MPa for a pre-join moisture content o f  around 2.3%w/w 
(obtained by water immersion). The Scotch-Weld AF-163 adhesive was found to be much 
less affected by pre-bond moisture than the Redux 312/5 and showed a maximum o f only 5- 
10 MPa reduction from the dry conditioned joint strength o f 40 MPa (~20%) for pre-join 
substrate moisture contents above 1.0%w/w. Examination o f failure surfaces o f joints 
manufactured from both adhesives showed that the quality o f the adhesive was degraded by 
increasing substrate pre-join moisture content. This corresponded with an increase in adhesive 
porosity and interfacial failure o f both sets o f joints. The results o f the tensile testing and the 
failure surfaces again suggest that the degradation mechanism most affecting the performance 
o f  the joints is associated with a reduction in the integrity o f the substrate/adhesive interface.
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Importantly, the effect o f combining the pre-join and post-join conditioning was not found 
to be cumulative and the strengths o f the joints were similar to the worst case results o f the 
separate two conditions. Repair using a Laboratory conditioned substrate to simulate an "O ff 
the sh e lf depot level repair was found to produce only marginal benefits over the joints using 
equally conditioned substrates. Pre-drying however, was found to improve significantly the 
performance o f the joints o f  both adhesives. From pre-conditioning in an Atmospheric-96 
environment with a subsequent initial moisture content o f  approximately 2.1%w/w, the 
strength o f the scarf joint was shown to return to the 40 MPa o f the fully dry joints from the 
reduced 10-15 MPa (Redux 312/5) or 30-35 MPa (Scotch-Weld AF-163) shear strengths o f 
the un-dried joints by pre-drying for as little as one hour in an 85°C/0%RH environment. 
These results were seen to support the proposal that the critical factor affecting the strength 
o f  joints bonded from moisture pre-conditioned substrates is the quantity o f moisture absorbed 
by the adhesive not, as some previous research had proposed, the moisture content or surface 
concentration o f the substrates.
A  model was developed to estimate the amount o f moisture desorbed from the substrates to 
the adhesive and allows the time, temperature and humidity o f the drying environment to be 
varied. Comparing the results o f  the experimental program with the prediction o f the model 
and taking into account the limitations o f the assumptions on which the model is based, it 
appears that the strength o f an adhesive joint is directly related to the quantity o f moisture 
desorbed from the substrates into the adhesive. The void volume fraction o f the adhesive in 
these joints is also shown to be dependent upon the moisture absorbed. The model is capable 
o f considering substrates o f differing moisture contents and distributions and is effective at 
reducing them all to a single relationship with joint strength. The model also suggests that 
extended pre-drying o f substrates is not beneficial to the performance o f the joint. With the 
relevant substrate material sorption characteristics and the proposed geometry o f a joint, the 
model is capable o f predicting optimum substrate drying conditions/time to eliminate the 
effects o f substrate pre-bond moisture.
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10 CONCLUSIONS AND FUTURE WORK
10.1 CONCLUSIONS
Individual chapters include detailed conclusions o f the work conducted for this research. This
section brings together those that are most significant to the aims o f the research and lists
them below.
(a) FRCs can be expected to exhibit similar sorption mechanisms to un-reinforced
polymers and thus require the consideration o f sorption models more complex than
the classical Fickian approach to characterise their sorption behaviour fully. As a 
minimum these models must be capable o f representing a slower approach to 
equilibrium than predicted by the Fickian model which is typical o f FRC uptake 
profiles.
(b ) Empirical sorption models proposed for polymers such as the relaxation model o f 
Berens and Hopfenberg [144] or the dual sorption model o f Carter and Kilber [146] 
are capable o f  accurately representing the sorption data for FRCs. The parameters 
o f  these models however, are very dependent upon the method by which they are 
determined and may only be comparable between similar samples.
(c ) The classical Fickian diffusion model provides a good approximation for the 
desorption o f moisture from a FRC up to temperatures around the glass transition 
temperature o f the FRC.
(d) The variation o f equilibrium moisture content o f  the T800/924 FRC with 
environmental activity is well represented by a combination o f the Flory-Huggins 
theorem and a Langmuir adsorption isotherm. The combined model predicts that 
moisture molecule clustering will occur in environmental activities above about 0.6.
(e ) The presence o f ply separating resin layers is indicative o f high fibre packing within 
individual plies and consequently means a lower through thickness diffusion 
coefficient compared to FRCs in which the fibres are evenly distributed.
(f )  The diffusion coefficients for the FRC are well represented by the Arrhenius 
relationship which predicts that absorption o f moisture has a lower activation energy 
than desorption and that as the environmental activity increases the activation energy 
for absorption decreases (vice versa for desorption).
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(g ) Moisture is absorbed in a FRC by non-ideal mixing and consequently the change in 
volume (swelling) o f the FRC is not equivalent to the quantity o f absorbed moisture.
(h) The matrix dominated mechanical properties o f unidirectional FRCs are degraded 
by moisture uptake due to polymer plasticisation and degradation o f the fibre/matrix 
interface.
( i) The glass transition temperature o f the FRC is reduced by increasing moisture 
content and when measured using dynamic mechanical thermal analysis is dependent 
upon the distribution o f moisture throughout the sample.
(j) One months exposure to high temperature/high humidity environments is sufficient
to reduce the strength o f a bonded scarf joint by 75%. 1 
(k ) Pre-join equilibration o f FRC substrates to moisture contents above 1,2%w/w results
in degraded joint performance i f  the joint is cured with no pre-drying o f the 
substrates. 3M Scotch-Weld AF-163 epoxy adhesive provides a greater resistance 
to the degradation o f joint strength by substrate pre-bond moisture than Ciba Redux 
312/5.
(1) The loss in performance o f an adhesively bonded joint prepared with moist
substrates is directly related to the amount o f moisture these substrates desorb to the 
adhesive during the cure process.
(m ) Pre-drying is extremely beneficial to the performance o f joints manufactured from
moist substrates and the optimum conditions for this drying can be predicted from 
the sorption characteristics o f the substrate.
Note that these tests were conducted at a temperature above that which would 
realistically be experienced in an operational environment (85 °C ).
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10.2 FUTURE WORK
Because o f the wide range o f subjects investigated throughout this research, numerous aspects
o f the moisture sorption characteristics o f FRCs and their effect on the adhesive bonded repair
o f  such materials have been identified as areas in which future work should be directed.
Many o f  these have been highlighted throughout the thesis; however, those more specific to
the principal aims o f the research o f this document are listed below.
(a) An assessment should be made o f the effect the fibre matrix interface has on the 
sorption and diffusion o f moisture to allow accurate consideration o f three 
dimensional sorption effects and accurate prediction o f FRC diffusion coefficients 
from matrix properties.
(b) The damage mechanisms introduced by sorption o f moisture should be considered 
to determine their effect 011 the sorption characteristics and mechanical performance 
o f the FRC.
(c ) Further consideration must be made towards developing a model which accurately 
and without ambiguity represents the sorption mechanisms occurring within a FRC. 
From this research the model would have to account for contributions from ordinary 
diffusion, matrix relaxation and dual sorption (penetrant binding).
(d) A  better understanding o f the moisture sorption performance o f the adhesive at cure 
and the effect o f  any absorbed moisture on the cure reactions is required to make 
predictive estimates o f the effect substrate pre-bond moisture has on the strength o f 
adhesively bonded joints.
(e ) A  more detailed substrate desorption model should be developed to allow not only 
prediction o f net moisture desorbed to the adhesive, but also the distribution o f  the 
moisture desorbed which may then be correlated to the failure modes o f the adhesive
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APPENDIX A: SORPTION MODEL PARAMETERS
SORPTION RESULTS A T  50°C
Table A l: 
Table A ll:  
Table A III: 
Table A IV : 
Table A V : 
Table A V I: 
Table A V II: 
Table A V III:
Model parameters for 
Model parameters for 
Model parameters for 
Model parameters for 
Model parameters for 
Model parameters for 
Model parameters for 
Model parameters for
first cycle absorption at 50°C 
first cycle desorption at 50°C 
second cycle absorption at 50°C 
second cycle desorption at 50°C 
third cycle absorption at 50°C 
third cycle desorption at 50°C 
fourth cycle absorption at 50°C 
fourth cycle desorption at 50°C
SORPTION RESULTS A T  65°C
Table A IX : Model parameters for first cycle absorption at 65°C
SORPTION RESULTS A T  85°C
Table AX : 
Table AXI: 
Table A X IL  
Table AXIII: 
Table A X IV : 
Table A X V : 
Table A X V I: 
Table AX VII:
Model parameters 
Model parameters 
Model parameters 
Model parameters 
Model parameters 
Model parameters 
Model parameters 
Model parameters
for first cycle absorption at 85°C 
for first cycle desorption at 85°C 
for second cycle absorption at 85°C 
for second cycle desorption at 85°C 
for third cycle absorption at 85°C 
for third cycle desorption at 85°C 
for fourth cycle absorption at 85°C 
for fourth cycle desorption at 85°C
SO RPTIO N RESULTS A T  125, 180 AND  205°C
Table A X V III: Model parameters for first cycle desorption at 125°C
Table AXIX : Model parameters for first cycle desorption at 180°C
Table AXX: Model parameters for first cycle desorption at 205°C
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Appendix B : Results o f  s ca r f joint tensile rests B1
APPENDIX B: RESULTS OF SCARF JOINT
TENSILE TESTS
JOINTS M A N U FAC TU R E D  W IT H  C IBA  REDUX 312/S ADHESIVE
Table BI: Results o f joint post-join moisture conditioning
Table BII: Results o f substrate pre-join moisture conditioning
Table B ill: Results o f combined pre&post-join moisture conditioning
Table BIV: Results o f substrate repair using an "O ff the shelf patch
Table BV: Results o f  pre-join drying o f  Atmospheric-96 conditioned substrates
JOINTS M A N U FAC TU R E D  W IT H  3M SC O TC H W ELD  AF-163 ADH ESIVE
Table BVI: Results
Table BVII: Results
Table BVIII: Results
Table BIX: Results
Table BX: Results
Appendix B : Results o f  s ca rf jo in t (ensile tests B2
Table BI: Results o f joint post-join moisture conditioning (REDUX 3125)
SUBSTRATE MOISTURE CONTENT JOINT DIMENSIONS JOINT TENSILE RESPONSE VOIDS
Pre-join Post-join w ta ts 0 T Y G V v
(%\v/w) (% w/w) (nun) (nun) (nun) (deg) (Pa ) (Pa )
+ 0 03 0.05 7.567E405 0.043 1.2R9E+08
0.062 0.053 18.35 0.152 2.16 5.00 3.916E+07 0.418 2.773E+08 0.024
•003 -008 -1 003E+06 -0040 -l.463E-t0S
< 0.01 0.04 0 003E-05 0.078 4 716E+07
0.051 0.535 18.17 0.167 2.07 5.50 4.047E+07 0.497 2.054E+08 0.023
•0.03 -0.06 -1 0I6E+Q6 •0.091 -4 716E-+0?
* 0.06 0.03 1.04IE-06 0.127 2.313E+07
0.041 1.211 18.15 0,166 2.10 5.56 3.292E+07 0.554 2.311E+08 0.037
-0.06 -003 -1 S‘ IE+06 -0.199 • 1 514E+07
0 10 0 05 2.763E-06 OUO 3936E-»07
0.068 1.868 18.07 0.175 2.14 5.50 2.299E+07 0.297 1.748E+08 0.069
-0.06 -0 06 -1 S64U-0n -0.160 -1 4S5E+07
004 0.02 5 335E-06 0 056 1 506E+08
0.065 2.268 18.02 0.184 2.14 5.00 9.064E+06 0.188 1.557H+08 0.095
-0 04 -002 -9 0olE*0n -0 054 -1 55"E-08
Table B II: Results o f substrate pre-join moisture conditioning (REDUX 312/5)
SUBSTRATE MOISTURE CONTENT JOINT DIMENSIONS JOINT TENSILE RESPONSE VOIDS
Pre-join Post-join w ta ts 0 T Y G Vv
(%\yAy) (% w Ay) (nun) (nun) (mm) (deg) (Pa) (Pa)
0.09 0 04 9.4°^E+05 0 057 S.327E407
0.047 0.042 17.89 0.167 2.16 5.13 4.130E+07 0.400 2.348E+08 0.029
-0.14 -0 06 -1 673E-06 -OO^o -4 814E-07
0.09 CIO 3 380E-* Oo 0.135 1.511 E-0S
0.482 0.023 17.97 0.185 2.11 6.3S 3.993E+07 0.437 2.440E+08 0.085
-0.05 -016 -3.1 lOE^Oo -0206 -1 019E40S
+ 0.06 006 4 3J4E-*Oo 0035 6017E407
1.307 0.111 18.06 0.168 2.07 5.63 3.280E+07 0.188 2.410E+08 0.039
-0.07 -0.09 -4f?5(iE+0o -0025 -1 201E408
4 0.04 0 03 1.204E+06 0.004 2.846E407
2.126 0.098 18.13 0.198 2.13 5.63 I.082E+07 0.062 1.862E+08 0.138
-0.07 -0.06 -2.0lSE+0o -0005 -5.219E+07
4 0.04 0.02 4.S17E405 0.016 7.070E+07
2.482 0.117 18.14 0.133 2.13 5.25 1.179E+07 0.098 1.836E+08 0.119
-0.06 -003 -9.233E+05 -0014 -6.637E407
Table B ill: Results o f combined pre&post-join moisture conditioning (REDUX 312/5)
SUBSTRATE MOISTURE CONTENT JO INT DIMENSIONS JOINT TENSILE RESPONSE VOIDS
Pre-join Post-join w ta ts 0 T Y G Vv
(%w/\v) (%w/w) (nun) (nun) (nun) (deg) (Pa) (Pa)
-f 0.03 0.05 7.567E+05 0.043 1 2S9E+0S
0.062 0.053 18.35 0.152 2.16 5.00 3.916E+07 0.418 2.773E+08 0.024
-0.03 -0 .0s -1 003E40o •0.040 -I.463E+08
4 0.06 004 7.223E405 0.134 6.4S3E407
0.482 0.461 18.37 0.164 2.14 5.69 4.106E+07 0.513 2.582E+08 0.020
-0.04 -010 -6.447E405 -0.075 -53S6E4 07
+ 0.07 003 7.4S7E+05 0.041 6.00SE407
1.237 1.242 18.00 0.152 2.12 5.50 2.880E+07 0.671 1.611E+08 0.094
-0.03 -0 0 2 -7.743E+05 -0 041 -4 644E+0"
4 0.02 0.03 6.780E405 0.071 6.885E407
2.135 2.120 17.94 0.186 2.13 6.00 1.647E+07 0.547 2.136E+08 0.154
-0.02 -004 -4 300E405 -0.050 -7 519E407
4 0.05 0.02 2 315E406 0047 1 R9SE407
2.465 2.441 17.86 0.224 2.11 5.13 9.161 E+06 0.130 1.255E+08 0.281
-0.04 -0 03 -3.0o7E4 06 -0019 •28S3E407
Appendix B : Results o f  s ca rf jo in t tensile tests B3
Table BIV: Results o f substrate repair using an "Off the shelf' patch (REDUX 312/5)
SUBSTRATE MOISTURE CONTENT JOINT DIMENSIONS JOINT TENSILE RESPONSE VOIDS
Pre-join (%w/\v) Post-join (%\v/\v) w ta ts 0 T Y G Vv
Substrate Patch Substrate Patch (nun) (nun) (nun) Cdeg) (Pa) (Pa)
+
0.046 0.493 0.046 <0.046
003
18.66
-0.02
0.128
0.01
2.13
-0.02
4.50
1.812E+06
3.847E+07
-2.229E-06
0002
0.381
-0 004
1.148E+07
3.812E+08
-2.031E+07
0.012
1.327 0.512 0.105 <0.105
0 02 
18.66 
-0.02
0.137
0.05
2.15
-010
4.75
3 464E*0o
3.320E+07
-2.330E-06
0.085
0.285
-0072
0.355E+07
1.734E+08
-7846E+07
0.022
2.035 0.487 0.050 <0.050
0.05
18.72
-o.os
0.166
0.01
2.17
-008
5.44
4.526E+06
2.124E+07
-4.841E<06
0011
0.105
-0017
4,I10E<07
2.057E+08
-2 751E* 07
0.055
2.475 0.504 0.113 <0.113
0 2o
18.48
-0 2u
0.178
001
2.14
-009
4.75
7.123E+05
1.387E+07
-5 857E+05
0 005 
0.111
-0005
1 OolE+07
1.448E+08
-IOtilE<07
0.238
Table BV: Results o f pre-join drying o f Atmospheric-96 conditioned substrates (REDUX 3/2 5)
SUBSTRATE MOISTURE CONTENT JO INT DIMENSIONS JOINT TENSILE RESPONSE VOIDS
Pre-dry
(%w/\v)
Dry lime 
(lir)
Post-diy
(%wAv)
Post-join
(%\vAv)
\Y
(nun)
ta
(nun)
ts
(nun)
0
(deg)
T
(Pa)
Y G
(Pa)
Vv
2.060 0 .0 0 0 2.060 0.178
002
18.3S
-oo i
0.238
003
2.08
-005
7.19
1.653E+05
1.549E+07
-1 O47E+05
0014
0.114
-001"
3 029E-KI7
2.549E+08
-3 6070+07
0.127
+
2.172 0.330 2.035 0.166
0 lo
17.86
-030
0.287
0 04 
2.06 
-0 08
6.31
S 245E-06
2.609E+07
-5.356E+06
0.062
0.196
•0 042
7 2(K»E"07
3.525E+08
-1 317E-+07
0.117
+
2.176 0.750 1.946 0.138
002
18.46
-0.05
0.398
0 05 
2.10 
-0.03
5.81
1 977E-00
3.572E+07
-2 OoOE+Oo
0 024
0.293
-0.037
9 0 ',7E+0S
6.924E+08
-5 145E+0S
0.079
2.078 2.500 1.758 0.192
001
18.39
-0.02
0.147
0.04 
2.11 
-0 05
5.81
1029E-Q6
4.137E+07
-I.040E+06
0.055
0.524
-003"
2.8""E-*07
1.658E+08
-2.248E+07
0.083
2.031 8.500 1.443 0.142
0.04
18.37
-004
0.367
002
2,13
-001
6.56
1.020E+06
4.242E+07
-1.035E+06
0043
0.240
-0.044
6 1S5E+07
4.637E+08
-6.280E-K17
0.174
4-
2.051 19.000 1.184 0.118
0.02
18.40
-0.01
0.182
0.06
2.12
-0.06
6.19
4.040E+06
3.588E+07
-6.785E+06
0.006
0.292
-0.007
2.140E+O7
4.203E+08
-I.821E+07
0.074
Appendix B : Results o f  s ca r f jo in t  tensile tests B4
Table BVI: Results o f joint post-join moisture conditioning (ScotchWeld AF-163)
SUBSTRATE MOISTURE CONTENT JOINT DIMENSIONS JOINT TENSILE RESPONSE VOIDS
Pre-join
(%\v/\v)
Post-join
(%\v/wj
w
(mm)
la
(nun)
is
(nun)
0
(deg)
t
(Pa)
7 G
(Pa)
V v
0.006 0.005
0.11
18.64
-o.is
0.082
0.03
2.21
-0.07
5.25
2 573E+05
4.069E+07
-1877E-I05
0 06? 
0.861 
-0.057
2.527E+07
1.214E+08
-1 781E+07
0.042
0.004 0.540
0.01
18.70
-0.01
0.128
0.02
2.22
-001
5.58
9.927F.+05
4.307E+07
-7 U3E+05
0.030
0.739
-0016
2.269E+07
1.433E+08
-1.253E+07
0.036
0.054 1.342
003
18.71
-0 07
0.142
0.03
2.14
-0 05
5.08
7.503E+05
3.457E+07
-12I7E+05
0132
0.818
-0 IS?
1736E+07
1.894E+08
-1.014E+07
0.015
0.061 2.123
0.10
18.47
-0.27
0.192
0.02
2.17
-005
4.92
1.280E+00
2.559E+07
-8637E+05
0 082 
0.636
-0.05t>
5030E+07
2.010E+08
-8?l3E+07
0.079
0.065 2.268
0 01 
18.02 
-0 01
0.184
002
2.14
-002
5.00
oO80E+05
1.714E+07
-1 238E-0o
0.020
0.187
■0 03o
1.590E+07
1.925E+08
-1 3<WEJ0"
0.095
Table BVII: Results o f substrate pre-join moisture conditioning (ScotchWeld AF-163)
SUBSTRATE MOISTURE CONTENT JO INT DIMENSIONS JOINT TENSILE RESPONSE VOIDS
Pre-join Post-join w la ts 0 T 7 G V v
(% w A v) (%w/w) (nun) (nun) (nun) (deg) (Pa) (Pa)
* 0.06 0.04 2.01 IE-106 0.107 l.007E-*-08
0.006 0.011 18.65 0.122 2.20 5.25 4.032E+07 0.346 3.082E+08 0.015
- -007 ■oos -1.495E+06 -0107 -6.312E+07
- 0 0? ooi 5 757E+05 0046 2.2470-108
0.512 0.017 18.62 0.097 2.09 4.17 3.734E+07 0.396 4.22IE+08 0.017
- -0.08 -0 01 -1 12SE-106 -0 047 -3.7540+08
+ 0.10 0 0-1 I.123E-I0* 0.043 5490E+07
1.320 0.101 18.64 0.118 2.18 4.67 3.323E+07 0.327 2.121E+08 0.080
-0.07 -004 -2.357E+06 -0058 -7 224E+07
0.S0 004 1.962E+OS 0.072 3.142E+0S
1.989 0.059 17.88 0.141 2.16 4.94 3.435E+07 0.584 4.010E+08 0.020
-0.57 -007 -2.048E+06 -0.082 -2.255E+08
4 0.07 0.03 3.066E+06 0.145 2.807E+07
2.448 0.089 18.67 0.263 2.20 5.31 3.433E+07 0.492 4.933E+08 0.204
-0.04 -0.04 -4.346E+06 -0.104 -3.766E+07
Table B VIII: Results o f combinedpre&post-join moisture conditioning (Scotch Weld AF-163)
SUBSTRATE MOISTURE CONTENT JO INT DIMENSIONS JOINT TENSILE RESPONSE VOIDS
Pre-join Post-join w ta is e T 7 G V v
(%\v/w) (%w/w) (mm) (nun) (nun) (deg) (Pa) (Pa)
+ 0.11 003 2.573E405 0.069 2.527E+07
0.006 0.005 18.64 0.082 2.21 5.25 4.069E+07 0.861 1.214E+08 0.042
-0.18 -007 -1.877E405 -0.057 -1 781E407
0.07 0 03 2.159E+06 0.095 7 501E407
0.485 0.471 18.62 0.343 2.10 5.13 3.713E+07 0.736 4.047E+08 0.032
. -0.08 -0.05 -1.621E406 -0.161 -7.501 E407
4 0.03 000 5.483E405 0.043 4 385E407
1.356 1.294 18.75 0.162 2.20 5.06 2.820E+07 0.827 3.692E+08 0.066
-0.03 -001 -8.3S7E+05 -0.025 -4.385E407
4 0.12 004 9.6S7E405 0.223 6421E407
2.106 2.079 18.56 0.127 2.20 5.00 1.744E+07 0.486 2.806E+08 0.122
- -0.20J •0 05 -1.17IE406 -0.182 -7.123E407
4 0 02 O.Oo 2.096E40o 0 022 4 o10E407
2.417 2.400 18.76 0.186 2.16 5.17 9.295E+06 0.109 1.385E+08 0.176
-0.02 -0 0O -2 35SE+ Oo •0016 -5 038E+-0?
Appendix B : Results o f  s ca r f jo in t tensile tests B5
Table BIX: Results o f substrate repair using an "Off (he shelf" patch (ScotchWeld AF-163)
SUBSTRATE MOISTURE CONTENT JOINT DIMENSIONS JOINT TENSILE RESPONSE VOIDS
Pre-join (%w/w) Post-join (%\v/\v) w ta ts 0 T y G Vv
Substrate Patch Substrate Patch (nun) (nun) (nun) (deg) (Pa) (Pa)
0.046 0.485 0.043 <0.043
001
18.64
-0.06
0.089
0.01
2.08
-0.00
5.00
1 860E+Q6
3.886E+07
-l.347E*Od
0.047
0.399
-0037
2.091E+07
1.451E+08
-1.80 5 E+07
0.022
1.327 0.493 0.106 <0.106
0.21 
18.53
-0.35
0.101
0.01 
2.13 
-0 02
4.81
7.490E+05
3.349E+07
-1 220E+0G
0.012
0.323
-0 014
3.018E+07
2.323E+08
-2 3I5E+07
0.031
2.035 0.497 0.014 <0.014
017
18.58
-0.11
0.164
003
2.15
-o.oj
5.31
1 00 IE-* Go
3.546E+07
-1 t.3‘>E»0u
0.065
0.766
-0 057
1.719E+0S
4.962E+08
-I.852E+0S
0.103
2.475 0.508 0.144 <0.144
0.08 
18.63 
-o io
0.203
0 03 
2.12 
-0 05
4.S8
4 316E+00
3.091 E+07
-2.605E*0o
0 127 
0.218 
-0 096
4801E+07
6.749E+08
-9.I25E+07
0.109
Table BX: Results o f pre-join drying o f A tmospheric-96 conditioned substrates (Scotch Weld AF-163)
SUBSTRATE MOISTURE CONTENT JO INT DIMENSIONS JOINT TENSILE RESPONSE VOIDS
Pre-dry
(% w/w)
Dry lime 
air)
Post-dry
(%w/\v)
Post-join
(%w/\v)
w
(nun)
ta
(nun)
ts
(nun)
0
(deg)
T
(Pa )
Y G
(Pa )
V v
2.032 0.000 2.032 0.105
0.03
18.66
-003
0.122
ooi
2.21
-003
5.56
3337E«0o
3.357H+07
•33"6E*0o
0028
0.958
-0015
56?1E+07
2.221E+08
-3 714C*Q7
0.071
2.126 0.330 2.004 0.071
0.09
18.73
-0 09
0.180
0.02 
2.IS
-003
5.33
7 49~E+05
3.S82E+07
•4 553E+05
0 178
0.623
-0161
1 117E+0S
3.098E+08
-6.2o"E+07
0.037
+
2.050 0.660 1.906 0.106
0.10
18.66
-0.09
0.142
003
2.16
-0.01
5.06
8 3o3K**0'
3.381E+07
-1 555E*0o
0 033
0.472
-0037
5.497E+07
2.484E+08
-7.0nSE*07
0.086
2.112 1.000 1.853 0.087
o.io
18.66
-on
0.170
003
2.15
-007
5.19
I IS4l:+0o
3.596E+07
-1.2631'+06
0083
0.776
-0064
303dE-*07
2.189E+08
-2.3I4E+07
0.103
J
2.068 2.000 1.731 0.073
0.13
18.69
-0.13
0.267
0 01 
2.21 
•0 02
5.36
1.485E+06
3.774E+07
-l.852E+0o
0151
0.390
-0.105
3.812E+07
3.029E+08
-1.914E+07
0.281
